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ABSTRACT
The m ajor form s o f cytochrom e P-450 p ro te in  induced by phenobarb ita l 
(P-450^) and 3 -m ethy lcho lanth rene  (P-450c) have been iso la ted, p u rifie d  to  
e le c tro p h o re tic  hom ogeneity and fu lly  characterised w ith  respect to substrate 
s p e c ific ity . The p u rifie d  cytochrom e P-450c was used as antigen in the p repara tion  
o f sheep po lyc lona l antibodies, which were used fo r the im m uno log ica l de tec tion , 
charac te risa tion  and q u a n tific a tio n  o f the haem oprote in.
The N ^-subs titu ted  an tifunga l agents, ketoconazole, m iconazole and 
c lo tr im a zo le , have been shown to  be po ten t in v itro  in h ib ito rs  o f both the 
phenobarb ita l-induced cytochrom e P-450- and the 3-m ethy lcho lanth rene-induced 
cytochrom e P-448-dependent ra t hepatic m ixed -func tion  oxidases. A ll three drugs 
were more potent inh ib ito rs  o f the phenobarb ita l-induced a c tiv it ie s  in m icrosom al 
systems, as w e ll as in recons titu ted  systems com prising p u rifie d  N A D P H - 
cytochrom e P-450 reductase and cytochrom e P-450^ or P-450c* Ketoconazo le  was 
the weakest in h ib ito r and the least se lective  fo r the fo rm e r haem oprote in . A ll three 
a n tim yco tic  agents e lic ite d  type II d iffe re n ce  spectra w ith  m icrosomes from  both 
phenobarb ita l- and 3 -m ethy lcho lanthrene-induced ra ts , as w e ll as w ith  both p u rified  
haem oprote in preparations.
M iconazole and c lo trim a zo le , and to a lesser ex ten t ketoconazole , have 
been shown to decrease the m agnitude o f the type I spectra l pe rtu rba tion  o f 
hexobarb ita l w ith  phenobarb ita l-induced microsomes. These observations ind ica te  
th a t, although the p rim ary  mechanism o f in h ib ition  involves revers ib le  binding to 
haem, an add itiona l in te ra c tio n  w ith  the apoprote in or substrate (type I) binding site  
is involved and may con tribu te  to the isoenzyme s e le c tiv ity  displayed by a ll three 
compounds.
When adm in istered sys tem ica lly  to  ra ts, a ll th ree an tifu ng a l agents 
s tim u la ted  the hepatic  m icrosom al m ixe d -fu nc tio n  oxidases, p a r tic u la r ly  those 
a c tiv it ie s  associated w ith  the phenobarb ita l and/or p regneno lone-16a-ca rbon itrile - 
induced cytochrom es P-450. This was con firm ed  by Western b lo ttin g  em ploying 
an ti-cy to ch ro m e  P-450^ (PE^q ) and a n ti-cy toch rom e  P-450^.
A d m in is tra tio n  o f the planar benzim idazole  2 -a m ino -3 -m e thy lim idazo - 
(4 ,5 -f)-qu ino line  (IQ), a food mutagen and carcinogen, in con tras t to  the g lobu lar 
an tifunga l agents, se lec tive ly  induced the cytochrom es P-448, especia lly the high 
spin fo rm  (cytochrom e P-450^).
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CHAPTER 1 
IN TR O D U C TIO N
1.1 PHASE I A N D  II  METABOLISM
X enob io tic  or 'fore ign* compounds such as industria l chem icals, pestic ides, 
cosm etics, pharm aceutica ls  and food add itives, are usually absorbed in to  the body 
via the a lim e n ta ry  canal, re sp ira to ry  t ra c t ,  skin or p lacenta. This absorption may 
invo lve  the passage through various membranes, by sim ple passive d iffu s io n , or by 
c a rr ie r  m ediated (ac tive  or fa c ilita te d )  transpo rt. These absorbed compounds may 
be subsequently (i) excre ted , usually in b ile , faeces and/or u rine, ( ii)  m etabo lised, 
p r in c ip a lly  in  the liv e r , and so become a c tiva te d  or deactiva ted  in te rm s o f to x ic ity ,  
and ( i i i)  re ta ined  in body tissue, by lo ca lisa tio n  in lip id  or bound to p ro te ins. The 
dura tion  o f ac tion  o f these b io lo g ic a lly -a c tiv e  compounds is dependent on th e ir  
absorption, tissue d is tr ib u tio n  and re a c tion  w ith  sp ec ific  ce llu la r recepto rs , as w e ll 
as on the ra tes o f d ea c tiva tion  and e lim in a tio n  fro m  the body.
The liv in g  organism is equipped w ith  an e ff ic ie n t chem ica l defence system  
which deals w ith  many n o n -n u tr it iv e  xenob io tics. This occurs p redom inan tly  by 
conve rting  them  in to  po lar, in a c tive  m e tabo lites , w hich are w a te r soluble and hence 
can be m ore re a d ily  excre ted . Many xenob io tics would o therw ise  rem ain  w ith in  the 
body fo r  extended periods o f t im e , usually exe rting  a de le terious e ffe c t w ith in  the  
c e ll. The m etabo lism  o f xenob io tic  compounds can be regarded in te rm s o f so -ca lled  
'phase I' and 'phase II' reactions.
Phase I reactions, o r b io trans fo rm a tions , occur p r in c ip a lly  in  the liv e r ,  
although they have been known to  occur e x tra h e p a tica lly  (Hodgson and D au te rm an , 
1984) and invo lve  p r im a rily  th ree  types o f reactions, nam ely, ox ida tions, reduc tions  
and hydro lysis. The net resu lt is the in tro d u c tio n  o f a polar fu n c tio n a l group in to  
the compound. By fa r the m ost stud ied are the ox ida tion  reactions, w h ich  occur a t 
carbon-, n itrogen -, su lphur- and phosphorus-centres and encompass 
a ro m a tic /a lip h a tic  hydroxy la tions, epoxidations, N -, O - and S -dea lky la tions ,
Table 1.1 M am m alian B io trans fo rm a tion  (Phase I) R eactions o f X enob io tics
Hi croJO"* 1 Hired rune t ion Olid* lions
Aliphatic oxidation: 
Aromatic oxidation:
Cpoxidatlon:
Oxidative deamination:
N-DeaHylation:
O-Deallylation:
S-Oealkylation:
U-Oxidation:
H-Hydroxylation
Sulphoxidation:
Oesulphuration:
Deha logena tion:
R - C H ,
R - C H - C I I ,
R -C H
R - N
-MM,
~ C H ,
C H ,
'  CH,  
R - O - C H ,  
R - S - C H ,  
R , p ; N
riH,
;c-sR- 
R-CH,Cl
R-Ch,Oh 
CH
o 
✓ \  
R - C H - C K ,
^ N H ,
R-C
^ CH-
R-H
,CH,0H|
. CH, J 
R-OH ♦ HCHO
C-SH « HCltO
R»B «*•- o 
NhOh6—* G
s«*- 0
• C*0
R-C-CH, ♦ NH, h 0
R-I.V" ♦ HCHO CH,
•S*0
R-Ch,0h
(Hodgson and Dauterm an, 1984)
sulphoxidations, desulphuration, dehalogenation, deam inations and a lcohol 
(a ldehydic) oxidations (Paine, 1981; Hodgson and D auterm an, 1984) (Table 1.1).
During phase II ('con jugation ') reactions, the polar fu n c tio n a l group o f an 
absorbed xenob io tic , or its  phase I m e tabo lite , is linked (conjugated) to  endogenous 
m olecules or 'con jugating  agents'. These include m o ie ties such as g lucuron ic  acid, 
sulphate, g lu ta th ione , cyste ine, a lthough a ce ty la tio n  and m e thy la tion  reactions also 
occur (Hodgson and Dauterm an, 1984) (Table 1.2).
1.1.1 Phase I Oxidations
Phase I oxidations may be m icrosom al or non-m icrosom al (B lume and 
Herok, 1984; Romano e t a l., 1983); the m icrosomes are derived from  the 
endoplasmic re ticu lu m  (ER) o f a ce ll, as a resu lt o f hom ogenisation, and are iso la ted  
by u ltra c e n tr ifu g a tio n  o f the pos t-m itochond ria l supernatant fra c tio n s . M icrosom al 
oxidations are m ediated p rin c ip a lly  by the so-called 'm ixed -fu nc tio n  oxidases' 
(MFO). O f these, the best documented by fa r is the cytochrom e P-430-dependent 
MFO system , characterised by the invo lvem ent o f a 'b' class haem oprote in  
(cytochrom e P-450), which serves as the te rm in a l oxidase (Hodgson and D auterm an, 
1984; Paine, 1981; Pascoe, 1983).
The cytochrom e P-450-dependent MFO system is known to  be ubiquitous 
in nature. Undoubtedly, the best documented examples are those from  m am m alian 
hepatic m icrosomes, fro m  rabb it, ra t, and mouse (Lu and West, 1980; N ebert and 
Negishi, 1982; Waxman, 1986; Conney, 1986), a lthough in man the corresponding 
systems are now also beginning to  be more fu l ly  studied (Boobis and Davies, 1984; 
Pelkonen e t a l., 1985; Wang e t a l., 1983; Jakobsson e t a l., 1982; Beaune e t a l., 1986). 
As examples, cytochrom es P-450 have been found in a number o f p lan t tissues (Dohn 
and K re ige r, 1980), bacte ria  and fungi (Wiseman, 1980), and has also been im p lica te d
Table 1.2 M am m alian C onjugation (Phase II) Reactions o f X enob io tics
j *  t e d  C l c C u r o n v J « t J o n s
Ether gl ucuror.i de : 
Ester glucuromde: 
N-Glucuronide: 
S-Glucuronide:
ROH
RCOOH 
RW ■
RSH
P A P S - r e d n t e d  S u l p t u t e  C s t e r  P o r m t t i o n
Alkyl or aryl sulphate: ROH -
Sulphamate: RNH,
S - A d e n o s y l r t h i o n e - n e d i * t e d  A e t h y l s t i o n s
O-He thyla tion: 
H-Methylation: 
S-Hethylation:
A c c t  y i <  t  i o n s  
P e p t i d e  C o n j u o x o o n j
ROH
RNH,
RSH
RO-C^H^O^
RC00-C6H,0t
RNH-Ct H,Ofc
RS-CjH^ O^
-► RO-SOjH
-► RNH-SOjH
RO-CH,
RKH-CHj
-► RS-CH,
RWj CoA...», RNH-COCHj
RCOOH .CoA * 91/ c,ng». RC0-WCH?C00H 
RCH-CH, — -------- »  RCXOH.CH.-SG
V
in xenob io tic  m etabolism  in arthropods (Baars, 1980) and fish  (W illiam s and Buhler, 
1984; Parke, 1981).
1.1.2 The Oxidation of Endogenous Compounds
The ro le  o f cytochrom e P-450 in the ox ida tive  m etabolism  o f lip o p h ilic  
endogenous (endob io tic) compounds has been w e ll documented and only a few  
examples w il l be discussed.
Undoubtedly, s tero id  m etabolism  constitu tes  the best example o f the 
endogenous ro le  o f cytochrom e P-450. Many o f the reactions are cata lysed by both 
m icrosom al and m itochond ria l cytochrom e P-450 systems (W ilson et a l., 1984). 
Stero id m etabolism , as m ediated by cytochrom e P-450, encompasses (i) the 
biosynthesis o f cho leste ro l, v ia  hepatic m icrosom al cytochrom e P-450-dependent 
lanostero l 14a -dem ethy la tion  (Trzaskos e t al., 1986) and the subsequent conversion 
o f th is  s te ro id  to  ( ii)  various s tero id  hormones (reviewed: Takem ori and K om inam i, 
1984; Coon and Koop, 1983) (F igure 1.1) and ( ii i)  the a c tiva tio n  o f ch o le ca lc ife ro l 
(v ita m in  D-^) (Dahlback and W ikva ll, 1987), (iv ) fo rm a tio n  o f b ile  acids (Coon and 
Koop, 1983; Danielsson and S jovall, 1975; Bostrom and W ikva ll, 1982), and (v) the 
'a rom a tisa tion ' o f androstenedione to  fo rm  estrone (K e llis  and V icke ry, 1987, 1987a; 
Mendelson e t a l., 1985).
Cytochrom e P-450 has also been shown to  be invo lved in the m etabolism  
o f various eicosanoids (Reviewed: Johnson a t a l., 1983; Capdevila e t a l., 1985). This 
includes both (i) cyclooxygenase (prostanoid), and ( ii)  lipooxygenase products o f 
arachidonic acid. The fo rm e r includes p ros tacyc lin  and throm boxane synthesis 
(U llr ic h  and G ra f, 1984; Haurand and U llr ic h , 1985). W hile the best known 
lipooxygenase products undergoing cytochrom e P-450-dependent ox ida tion  are the 
leukotrienes, eg, LTB^ (Bosterling  and T rude ll, 1983; Shak and G oldste in, 1985).
11 rc=o
HO
Steroids are ind icated as fo llow s:
(t) testosterone
(c) cho leste ro l 
(a) androstenedione 
(p) progesterone
CH
0=0
HO
CH
HO
H O H
HO
Figure 1.1
C ytochrom e P-450-Dependent Androgen Biosynthesis 
The cytochrom e P-450 enzymes are ind ica ted  as fo llow s:
(1)
(2)
(3)
M itochondria l cytochrom e P ^S O ^q q  
M icrosom al cytochrom e P~450^ya Lyase
M icrosom al cytochrom e lyase e xh ib iting  17,20-desmolase
a c tiv ity
1.2 THE CYTO CHRO M E P-450-DEPENDENT MFO SYSTEM
The cytochrom e P-450-dependent MFO system varies w ith  the type o f
organism , its  stage o f developm ent and the p a rtic u la r tissue in which i t  is loca ted
(Parke and Ioannides, 1982). As discussed previously, the best characte rised  system 
is tha t o f m am m alian m icrosomes, w hich catalyses the N A D P H /O ^-dependent 
ox ida tion  of a wide va rie ty  o f lip o p h ilic  s tero ls, drugs, a lip h a tic  and a rom a tic  
hydrocarbons, e tc  (Paine, 1981). In th is instance, the system com prises tw o 
components, (i) N A D P H -cytochrom e P-450 reductase, m ed ia ting  the tra n s fe r o f 
e lectrons from  NAD PH  to cytochrom e P-450, and (ii)  cytochrom e P-450, serving as 
the te rm in a l e lec tron  accep tor and probable s ite  o f substrate ox ida tion  (Paine, 1981; 
Hodgson and D auterm an, 1984). C ytochrom e b^ and its  reductase, N A D H - 
cytochrom e b^ reductase, have also been im p lica ted  in a num ber o f ox ida tion  
reactions (Paine, 1981; Reviewed: Schenkman et a l., 1976).
The p rinc ipa l components o f the system have now been p u r if ie d  and 
characte rised  (C hapter 2) and recons titu ted  in to  a r t if ic ia l membranes. Studies w ith  
these p u rified  pro te ins have provided insights in to  th e ir  s tru c tu re , fun c tio n  and 
mechanism o f action . This would ce rta in ly  not have been possible w ith  crude 
m icrosom al preparations (Coon, 1981).
1.2.1 Biophysical Aspects
(a) Transverse Topography
There is a lack o f data concerning the transverse arrangem ent o f the MFO 
components w ith in  the m icrosom al (ER) membrane. C u rre n tly , i t  is believed th a t 
components such as N A D P H -cytochrom e P-450 reductase are a c tu a lly  periphera l 
membrane p ro te ins, anchored to the membrane v ia  sm all hydrophobic segments o f 
p ro te in  (Gum and S trobel, 1981), w ith  the c a ta ly tic  centres fac ing  the cytop lasm .
On the o ther hand, cy tochrom e P-450 is considered as an in te g ra l membrane p ro te in , 
a lthough its  c a ta ly t ic  centre  is also believed to  be exposed to  the cytop lasm  
(Takem ori and K om inam i, 1984; N ebert e t a l., 1981).
(b) L a te ra l Topography
The la te ra l organisation o f lip ids in m icrosom al membranes exh ib its  
dynamics of a m u lti-phase  system; r ig id  and flu id  lip id  areas. These lip id  states may 
determ ine the con fo rm a tion  and assemblage o f the MFO system and may also lin k  
its  func tion  w ith  th a t o f phase II m icrosom al enzymes such as U D P -g lucuronyl 
transferase (Reviewed: Ruckpaul and Bernhardt, 1984). There is grow ing evidence 
fo r  the c lu s te r- lik e  organisation o f d if fe re n t species o f liv e r  m icrosom al cytochrom e 
P-450 around the lim it in g  reductase (G re ine rt e t a l., 1982). N o rm a lly  the two are 
believed to  ex is t in a m o la r ra tio  (P-450:Reductase) o f 10-25:1 (Ruckpaul and 
B ernhardt, 1984). The d iffe re n t cytochrom e P-450 form s are thought to in te ra c t 
w ith  one another (Kam insky and Guengerich, 1985) and d if fe re n t ia l ly  in te ra c t w ith  
the fla vop ro te in  (K itada  et a l., 1984). Two models have been proposed fo r  the 
in te rac tio n s  o f the various MFO components; the so-called 'r ig id ' and 'non-rig id ' 
(random) models (Ruckpaul and Bernhardt, 1984). In the fo rm e r no tra ns la tio n a l 
( la te ra l) d iffu s ion  o f pro te ins is required fo r  cata lys is . Recent evidence supports the 
second model, where short range d iffus ion  o f cytochrom e P-450 and reductase in the 
phospholipid b ilaye r occurs (Wu and Yang, 1984; G re ine rt e t a l., 1982). In both cases 
a b inary cytochrom e P-450-reductase complex is form ed (Paine, 1981).
1.2.2 MFO System Components
(a) NADPH Cytochrom e P-450 Reductase
The reductase is a fla vop ro te in -con ta in ing  oxidoreductase and has been 
p u rifie d  fro m  a va rie ty  o f sources, eg, ra t (Coon and V erm ilion , 1978; Yasukochi and 
M asters, 1976), ra b b it (B lack and Coon, 1982) and pig (Shively e t a l., 1984) hepatic
microsomes. T yp ica lly , the de te rgen t-so lub ilised  p ro te in  exh ib its  a m onom eric 
m o lecu lar w e igh t (M ) o f 74-80Kd and yie lds, upon exposure to tryps in , tw o peptides, 
nam ely: (i) a large polypeptide (M = 70Kd), which re ta ins the f la v in  p ros the tic  
groups (FA D  and FM N) and the a b ility  to m ediate  NADPH-dependent cy tochrom e c 
reduction , and (ii)  a sm a lle r peptide (M = 6.0Kd) which is hydrophobic in  nature and 
is known as the 'ta i l  peptide ' or 'm embrane binding peptide'. This peptide conta ins 
the amino term inus and is considered to be im p o rta n t fo r the anchoring o f the 
p ro te in  to the membrane and fo r b inary com plex fo rm a tion  w ith  cytochrom e P-450 
(Gum and S trobe l, 1981).
(b) C ytochrom e P-450
C ytochrom e P-450 is a haem oprote in o f the 'b' class o f cy tochrom e and 
serves as the te rm in a l oxidase (externa l monooxygenase), m ed ia ting  the 
inco rpora tion  o f one atom  o f m olecular oxygen in to  the substrate and a second in to  
w a te r. In e ffe c t, i t  serves as a hydroxylase which requires oxygen a c tiv a tio n  (Coon, 
1981). The cytochrom e contains a p ro topo rphyrin -IX  p ros the tic  group liganded to  a 
cysteine th io l group o f the apoprote in, a t the f i f t h  haem coord ina tion  s ite  (Gibson 
and Tam burin i, 1984). This p ro te in  is considered to  be the carbon m onooxide-binding 
p igm ent o f m icrosomes (Hodgson and Dauterm an, 1984; Omura and Sato, 1964). A t 
present, the chem ical s tru c tu re  o f cytochrom e P-450 and its  re la tio n  to  fu n c tio n  is 
not w e ll understood. Only the cam phor-hydroxy la ting  system (cytochrom e P- 
450c A m ) t *ne bacte rium  Pseudomonas putida  has been studied in any great de ta il 
by X -ra y  crysta llography (Poulos £ t  a l., 1985). C ytochrom e P-450 fro m  a v a rie ty  o f 
sources has been characterised and has been found to be an a typ ica l b -type  
cytochrom e (Table 1.3).
Because (i) the carbon monoxide adduct o f ferrous cytoch rom e P-450 
exh ib its  an intense sore t m aximum at 450nm, compared w ith  a m axim um  a t 420nm
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w ith  o ther haem oproteins. In fa c t, 'cy tochrom e P-420' is considered to  be the 
denatured fo rm  o f cy tochrom e P-450. C ytochrom e P-450 has also been shown to 
display unique 'b inding spectra '. These are spectra l sh ifts , which occur on the 
binding o f various ligands to  fe r r ic  cytochrom e P-450. Two p rin c ip a l types o f 
spectra l sh ifts  have been recognised (Hodgson and Dauterm an, 1984; Schenkman, 
1970; Je fcoa te , 1978). The so-ca lled 'type I' spectra l pe rtu rba tion  arises as a resu lt 
o f substra te  (eg, stero ids, am phetam ines, barb itu ra tes), binding to  the apoprote in  
and is characterised by a w avelength m axim um  o f 385-390nm and m in im um  at about 
420nm. Type II spectra l sh ifts  (wavelength m axim um  at 420-435nm and m in im um  at 
390-410nm) are usually associated w ith  n itrogen-con ta in ing  ligands. The n itrogen  
atom  lone-pa ir e lectrons are invo lved in dative  covalent bonding to the haem iron, 
usually a t the s ix th  (ax ia l) coord ina tion  s ite .
Two o ther w e ll documented spectra l pertu rba tions are the so-ca lled 
'reverse type  I' (m od ified  type  II) and 'type  III'. The fo rm e r is a m irro r image o f type 
I spectra (m axim a at 420nm, m in im a at 385nm) and is believed to  invo lve the 
disp lacem ent o f an endogenous ligand fro m  cytochrom e P-450 by ligands such as 
butanol (G uenther e t a l., 1980), or may be s im ply due to  oxygen ac ting  in  a s im ila r 
way to n itrogen  as described above (Hodgson and Dauterm an, 1984). In the reduced 
sta te , cytochrom e P-450 has been shown to  display so-called 'type  III' spectra  w ith  
compounds such as e thy l isocyanide. The spectra  are norm a lly  characte rised  by tw o 
pH-dependent peaks at approx im ate ly  430nm and 455nm.
(ii)  W ith the advent o f e lec tron  param agnetic resonance (EPR) 
spectroscopy i t  has now been established th a t the haem iron o f cy toch rom e P-450 
can ex is t in e ithe r a low -sp in  (hexacoordinate) or h igh-spin (pentacoord ina te ) s ta te , 
or most fre qu e n tly , in m ixed-spin s ta te  (Je fcoa te , 1978; Gibson and Tam burin i, 
1984). These re f le c t the a lte ra tio n  in the d is tr ib u tio n  o f iron d -o rb ita l e lec trons.
I t  is now known th a t substra te /ligand  binding to cytochrom e P-450 is 
re fle c te d  by changes in haem iron  spin s ta te , such th a t the binding o f substrates to  
the apoprote in  causes a low -sp in  to  high-spin s ta te  tra n s itio n  and n itrogen - 
conta in ing  ligands bring about the reverse. In the la t te r  case, the fe r r ic  cytochrom e 
P-450 invo lved in the ligand-haem opro te in  b inary com plex is d is tin c t from  the 
norm al low -sp in  fo rm  o f the cytochrom e. N o rm a lly , w a te r is believed to  coord inate  
w ith  the iron at the s ix th  coord ina te  s ite .
( i i i)  C ytochrom e P-450 is also d is tin c t from  o ther b -type  cytochrom es by 
v irtu e  o f its  in d u c ib ility  by a va rie ty  o f xenob io tic  compounds (W hitlock , 1986, 1987; 
Conney, 1986; N ebert e t a l., 1981) (Section 1.4).
The C ytochrom e P-450 Cycle
Studies concerning the mechanism o f e lec tron  tra n s fe r and m o lecu lar 
oxygen a c tiva tio n  during cytochrom e P-450-dependent MFO func tion  have been 
g re a tly  fa c ilita te d  by the a v a ila b ility  o f p u rified  enzymes. The cytochrom e P-450 
mechanism of action  is seen in term s o f the 'cy tochrom e P-450 cyc le ' (Gibson and 
Tam burin i, 1984; Schenkman and Gibson, 1983) (F igure 1.2). A number o f steps have 
been established, but the actua l mechanism o f dioxygen a c tiva tio n  s t i l l  rem ains 
elusive, as does the mechanism by which th is  'a c tiva te d  oxygen' is inserted in to  the 
substrate (S ligar e t a l., 1984). What is established is th a t there  are tw o  events (i) 
re a c tiv ity  o f an oxygenated haem adduct, to  generate a tra n s itio n  s ta te  w ith  a 
h ighly stra ined oxygen-oxygen bond. This may be su itab le  fo r  h om o ly tic  or 
h e te ro ly tic  bond cleavage, and (ii) generation o f a species at the ac tive  s ite  which is 
able to abstrac t hydrogen e ff ic ie n t ly  from  the unactiva ted  substrate (S ligar £ t  a l., 
1984). I t  is believed tha t bound oxygen may at some po in t pass through most, i f  not 
a ll, ox idation  and protonated states o f m olecu lar oxygen (Coon, 1981). Evidence 
suggests the invo lvem ent o f a superoxide anion (O") as the 'a c tive  oxygen* species
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Figure 1.2
The C ytochrom e P-450 Cycle
The fo llow ing  are ind ica ted :
(RH) Substrate
(Fe^+^g) Low -spin fe rr icy to ch ro m e  P-450
(F e ^+^cO H igh-spin fe rricy to ch rom e  P-450
(Paine, 1981; Coon, 1981), although hydroxy rad ica ls (O H ‘) have been im p lica te d  
during ethanol oxygenation (Hagbjork and Ingelman-Sundberg, 1982), ie, au to ­
ox ida tion  o f the oxycytochrom e P-450 com plex libe ra tes  superoxide anions which 
can p a r tia lly  d ism uta te  to  Peroxide may re a c t, in an iron -ca ta lysed  reac tion ,
to give the hydroxyl rad icals which reac t w ith  the substra te . C e rta in ly , i t  is known 
tha t cytochrom e P-450 can display both oxygenase and oxidase a c tiv it ie s  (Coon,
1981).
Gxygenase A c t iv ity  
RH + NADPH + 0 2 —  ROH + N AD P+ + H20  
Oxidase A c t iv ity  
NADPH + 0 2 —  N AD P+ + H20 2
(c) Phospholipids as MFO Components
The com position and physical sta te  o f the ER membrane, to  which the 
MFO components are bound, is thought to  in fluence the a c t iv ity  o f the system to 
such an ex ten t tha t the membrane its e lf  is considered a component (Ruckpaul and 
Bernhardt, 1984). Phospholipids such as d ilaury lphosphatidy lcho line  are known to  
f u l f i l l  an im p o rta n t ro le  in organising the s tru c tu re -a c t iv ity  re la tionsh ips o f the 
MFO system. Phospholipids are thought to have a dual func tion :
(i) Phospholipid binding to  cytochrom e P-450 induces the ac tive
con fo rm a tion  o f th is haem oprotein. This 'a c tiva tio n ' is believed to come
about as a resu lt o f increased a -h e lica l content. This is also believed to 
extend to  the regu la tion  o f cytochrom e P-450 haem -iron spin s ta te .
( ii)  Fo rm ation  o f a flu id  environm ent fa c ilita te s  e lectron  transpo rt between
MFO components and allows p ro te in -p ro te in  coupling to  occur.
(d) C ytochrom e and N A D H -C ytoch rom e  Reductase
C ytochrom e has been im p lica ted  in a number o f cytochrom e P-450-
dependent ox ida tion  reactions (Reviewed: Schenkman et a l., 1976), This
haem oprote in (M = 16.0Kd) is t ig h t ly  bound to the m icrosom al membrane and is a
9com ponent o f the A -s te a ry l CoA desaturase system. The e lec tron  donor is the 
fla vop ro te in  N A D H -cytochrom e b^ reductase (M = 33.0Kd). In add ition  to  NADPH, 
N AD H  has been shown to  in it ia te  ox ida tive  m etabolism  and there  is grow ing 
evidence fo r  the invo lvem ent o f cytochrom e b^ in the observed N AD H  syngerism o f 
these NADPH-dependent reactions (Paine, 1981). C ytochrom e b,. may serve as the 
second e lec tron  donor during the a c tiva tio n  o f m o lecu lar oxygen by cytochrom e P- 
430 (F igure 1.2).
(e) Ferredoxins
'Three-com ponent' cytochrom e P-450-dependent MFO systems have been
found in both euka ryo tic  m itochondria  and p ro ka ryo tic  cytoplasm  (Paine, 1981).
These are characterised by an add itiona l non-haem iron (NHI) p ro te in , which
m ediates e lec tron  transport from  the corresponding reductase to the cytochrom e P-
430. These so-called 'fe rredoxins ' are usually characterised by a b ite tra h e d ra l fo u r- 
2_
atom  c lus te r (Fe2 S2 ), which is bonded to fou r cysteine residues o f the apoprote in .
In p ro ka ryo tic  ce lls, the best example is the L -  or D-cam phor hydroxylase system of
Pseudomonas pu tida . This has been resolved in to  three soluble components:
N A D P H -putidaredoxin  reductase (M p = 43.5Kd), putidaredoxin  (M = 12.5Kd) and
cytochrom e P- 4 - 5 0 =  48.0Kd) (Poulos e t a l., 1985). While in euka roy tic
ce lls, the most studied is the bovine m itochondria l ad renocortica l s tero id
hydroxylase system. This comprises o f NADPH-adrenodoxin reductase (M =
55.0Kd), adrenodoxin (M = 13.1Kd) and cytochrom es P-450g££  (M = 51.0Kd) and P-
45011 o (M = 46.0Kd) (Takem ori and K om inam i, 1984). l i  p  r
1.3 THE C YTO CHRO M E P-450 GENE SUPERFAM ILY
1.3.1 Cytochrome P-450 M ultip licity
I t  is now known tha t the cytochrom es P-450 from  various sources ex is t in 
several form s or 'isoenzymes'. O ften  these are ch a ra c te ris tic  o f a p a rtic u la r 
organelle , tissue or anim al species (Lu and West, 1980; N ebert and Negishi, 1982; 
N ebert and Gonzalez, 1987; N ebert e t a l., 1987). The evidence fo r  th is  m u lt ip lic ity  
has been obtained fro m  the iso la tion  and p u r if ic a tio n  o f these haem oproteins to 
e le c trop h o re tic  hom ogeneity and th e ir  subsequent cha rac te risa tion  (Guengerich, 
1977, 1978, 1979; Guengerich and M a rtin , 1980; Guengerich et a l., 1982; Ryan e t a l., 
1979, 1982; Backes et a l., 1985). Undoubtedly, the most extens ive ly  studied form s 
are those from  untrea ted  or xenob io tic-induced ra t and ra b b it hepatic  m icrosomes 
(B lack and Coon, 1986; Waxman, 1986; Coon e t a l., 1985; Lu and West, 1980; N ebert 
and Negishi, 1982). W ith the advent o f po lyc lona l and monoclonal antibodies (Levin  
e t a l., 1985; Gelboin and Friedm an, 1985), isoenzym e-specific  substrates and 
inh ib ito rs  (Burke and W olf, 1987) and gene cloning m ethodology (N ebert e t a l., 1987; 
Nebert and Gonzalez, 1987), i t  has been possible to  more fu lly  characte rise  these 
prote ins on the basis o f a number o f c r ite r ia . These have included:
(i) The c a ta ly t ic  cha racte risa tion  o f each haem oprote in by em ploying 
recons titu ted  systems w ith  both xenob io tic  and endogenous (usually 
ste ro id) substrates.
(ii)  S ens itiv ity  to  p a rticu la r inh ib ito rs  such as m etyrapone, 9- 
h yd roxye llip tic in e  and a -naphthoflavone.
( ii i)  P hysico-chem ica l properties such as absolute and d iffe rence  spectra , as 
w e ll as m onom eric m o lecu lar w e igh t from  e lectrophoresis on 
po lyacry lam ide  gels.
(iv ) Am ino acid com position analysis
(v) C a rboxy l- and am ino-te rm ina l amino acid sequencing and peptide 
fragm en ta tion  patte rns a fte r enzym atic  hydrolysis.
(v i) Im m uno log ica lly , by incubation  w ith  po lyc lona l or ep itope-spec ific
monoclonal antisera
(v ii)  The de te rm ina tion  o f com plete  amino acid and corresponding (gene)
nucleotide  sequences.
In add ition , isoenzymes have also been characterised on the basis o f th e ir 
in d u c ib ility  by various inducing agents, such as phenobarb ita l, ethanol, c lo fib ra te , 
p o lycyc lic  a rom a tic  hydrocarbons and steroids. In these instances, m icrosomes are 
usually analysed by means o f the c a ta ly t ic , spectra l, im m uno log ica l and 
e le c trop h o re tic  c r ite r ia  described above.
1.3.2 Cytochrome P-450 Gene Families
A t present, the g reatest im pact has been made by the rap id  advancem ent 
o f gene cloning techniques, which a llow  fo r the re la tiv e ly  rapid sequencing o f gene 
nucleotide  sequences and hence the com plete  apoprote in amino acid sequences. By 
a lignm ent o f these nucleotide  and deduced amino acid sequences i t  is possible to  
ca rry  out sequence homology studies (N ebert and Gonzalez, 1985, 1987; N ebert et 
a l., 1987). I t  is now considered th a t cytochrom e P-450 pro te ins are tra ns la tio n  and 
tra n sc rip tio n  products o f a superfam ily  o f genes. This superfam ily  comprises a 
number o f gene fam ilie s , encompassing both xenob io tic -induc ib le  and non-inducib le  
(co n s titu tive ) cytochrom es P-450 (Table 1.4). The m ost extensive ly studied pro te ins 
belong to the xenob io tic -induc ib le  gene fam ilie s ; cytochrom e P-450I, P -450II, P- 
450III and P-450IV. C ytochrom e P-450-apoproteins e xh ib iting  amino acid or
nucleo tide  sequence homology o f <36% belong to  d iffe re n t gene fam ilie s . P ro te ins 
w ith  homology >68% belong to  the same sub-fam ily  (N ebert and Gonzalez, 1985,
1987). To date, the la rgest cytochrom e P-450 gene fa m ily  (P-450 II) is thought to  
com prise a t least f ive  sub-fam ilies ; A, B, C, D and E.
Table 1.4
The C ytochrom e P-450 Gene Superfam ily
Family, subfimily. and gene designation Some of the existing names in the literature
P450I (polycyclic aromatic compound-inducible) 
Only one subfamily 
P450IA I 
P450IA2 
P4501I (major)
P45011A subfamily 
P450IIA I 
P450IIA2
P450IIB subfamily (phenobarbital-induciblc) 
P450IIB I 
P450IIB2 
P4501IC subfimily 
P 450IIC I 
P4501IC2 
P450IIC3 
P450IIC4 
P450IIC5 
P450HC6 
P450IFG7 
P450HC8 
P450IIC9 
P45OIICI0  
P 450 IIC II 
P450IID  subfamily 
P450IID I 
P450IID2
P450IIE subfamily (ethanol-inducible)
P450IIE I 
P450III (steroid-induciblc)
Only one subfamily 
P4501IIA1 
P450IHA2
P450IV (peroxisome proliferator-inducible)
Only one subfamily 
P 450IVA I 
P4S0XI (mitochondrial proteins)
P450XIA subfamily 
P450XIA !
P450XIB subfamily 
P 450XIB I 
P450XVII (steroid I7a-hydroxylase)
Only one subfamily 
P 450 X V IIA I
P450XIX
Only one subfamily 
P 450X IX A I 
P450XXI (steroid 2 1-hydroxylase)
Only one subfamily 
P 450X X IA I 
P450XXIA2  
P450LI (plant P450)
Only one subfamily 
P450LIA I 
P450C1 (prokaryote P430)
Only one subfamily 
P450CIAI
Rat c. rabbit form 6. mouse P,. human P, 
Rat d. rabbit form 4. mouse P,. human Pt
Rat a
Human P450( I )
Rat b. rabbit form 2 
Rat e
Rabbit PBcI 
Rabbit PBc2. K 
Rabbit PBc3. form 3b 
Rabbit PBc4, form 1-8 
Rabbit form I 
Rat PBI 
Rat f
Human form 1 
Human mp 
Chicken P B I5 
Rat M - l .  h
Rat d b l. human dbl 
Rat db2
Rat j. rabbit form 3a. human j
Rat pcnl 
Rat pcn2
Rat LA (o
Bovine (and human) see 
Bovine (and human) 11/3
Bovine (and human) 17a
Human arom
Bovine (and mouse, human) C 2 IA  
Bovine (and mouse, human) C 2IB
Yeast Ian
/ ’ iriii/ixnoMoj punda cam
(N ebe rt and Gonzalez, 1987)
The s tru c tu ra l hom ology described above is o ften  re fle c te d  in the 
an tigen ic  d e te rm inan t- or epitope-re latedness o f these haem oproteins, such tha t, 
po lyc lona l antibodies raised to a given isoenzyme w il l o ften  only c ross-react w ith  
another haem oprote in from  the same gene sub-fam ily  (Levin  a t a l., 1985; Thomas et 
a l., 1980). Only w ith  ep itope -spec ific  m onoclonal antibodies can tw o cytochrom es 
P-450 from  the same sub-fam ily  be im m uno log ica lly  distinguished (Levin  j3t  a l.,
1985). A lthough mouse, ra b b it and human cytochrom es P-450 have been 
characterised (N ebert et a l., 1987; Guengerich, 1987; N ebert and Gonzalez, 1987) 
only those isoenzymes iso la ted from  the ra t hepatic  m icrosomes o f xenob io tic - 
p re trea ted  ra ts  w ill be discussed in de ta il.
1.3.3 R at Hepatic Microsomal Xenobiotic-inducible Cytochromes P-450
Several isoenzymes o f cytochrom e P-450 have been p u rifie d  from  the 
hepatic  m icrosomes o f variously p re trea ted  and untrea ted  ra ts. These can be 
regarded in term s o f the fo llow ing  groups (Table 1.5).
(a) P AH -Induc ib le  C ytochrom es P-448
The system ic adm in is tra tion  o f po lycyc lic  a rom atic  hydrocarbons (PAHs) 
is known to bring about the induction o f two p rinc ipa l cytochrom es P-450 
(Ioannides and Parke, 1987); cytochrom es P-450c and P-450^ (Ryan _et a l., 
1982; Guengerich e t a l., 1982; W olf and Oesch, 1983), a lthough a number 
o f workers have reported  the m arg inal induction  o f add itiona l form s 
(Sakaki e t a l., 1984; Seidel and Shires, 1986; and Lau and S trobel, 1982). 
These tw o haem oproteins are induced to various extents by compounds 
such as 3 -m ethy lcho lanth rene  (W olf and Oesch, 1983; Ryan et a l., 1979), 
8-naphthoflavone (Guengerich e t a l., 1982; Lau e t a l., 1982), 
benzo(a)pyrene (Lau e t a l., 1982), po lych lo rina ted  biphenyls (eg, A ro c lo r 
1254) (Ryan et a l., 1979, 1982) and m ethylenedioxyphenyl compounds such 
as isosafrole (Y eow ell e t a l., 1985; Ryan e t a l., 1982).
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Both cytochrom es have had th e ir com plete  nucleotide  and amino acid 
sequences determ ined (Sogawa e t a l., 1984, 1985; N ebert e t a l., 1987; N ebert and 
Gonzalez, 1987; Haniu et a l., 1986). Both apoproteins e xh ib it nearly 70% amino acid 
sequence homology (B lack and Coon, 1986) and are only 25% homologous w ith  the 
m ajor phenobarb ita l-induc ib le  cytochrom es P-450. This s tru c tu ra l relatedness is 
re fle c te d  in th e ir im m unocross-reac tiv ity , since cytochrom es P-450c and P-450^ can 
only be d istinguished by (i) a f f in ity  p u r if ic a tio n  o f polyc lona l antisera, to yie ld  
'fo rm -s p e c ific ' antibodies (Reik e t a l., 1982) and (ii) the p roduction  o f epitope- 
spec ific  m onoclonal antibodies (Thomas et a l., 1984).
In add ition , cytochrom es P-450c and P-450^ have been characterised as 
low -sp in  and high-spin haem oproteins, respective ly  (Ryan et a l., 1982; Guengerich et 
ah, 1982; Degawa et a l., 1985a; W olf and Oesch, 1983). Both pro te ins have also been 
characte rised  c a ta ly t ic a lly . In the main, i t  has been found th a t cytochrom es P-448- 
spec ific  substrates are planar in nature, in term s o f overa ll m o lecu lar geom etry, 
characterised by a sm all depth and large area/depth ra tios  (Lew is et a l., 1986; 
Ioannides and Parke, 1987). This is believed to re f le c t the planar nature o f the 
apoprote in substrate binding s ite , which lies in close p ro x im ity  to  the haem (Lew is 
e t a l., 1986). This con firm s the previously documented findings o f Ph illipson e t a l., 
(1982) concerning the unique nature o f the cytochrom e P-448 ac tive  s ite .
I t  is now w e ll established th a t the substrate o f choice fo r de te rm in ing  
cytochrom e P-450c a c t iv ity  sp e c ifica lly  is 7 -e thoxyresoru fin  (W olf and Oesch, 1983; 
Burke and M ayer, 1983; Burke e t a l., 1985; Guengerich e t a l., 1982), although a 
number o f workers have employed 7-ethoxycoum arin  (Ryan et a l., 1982; Conney,
1986) and benzo(a)pyrene (Nohmi e t a l., 1987; Ryan e t al., 1982). On the o the r hand, 
cytochrom e P-450^ has been shown to  display high aniline p-hydroxylase and
es trad io l-2 -hyd roxy lase  a c t iv ity  (Conney, 1986). C u rre n tly , the substra te  o f choice 
is the p ro te in  pyro lysate  2 .-am ino-6-m ethy ld ipyrido- [ l ,2 -a :3 '„3 '-d ]  im idazo le  (G lu -P - 
1) in an Am es/Salm onella  assay system (Nohm i e t a l., 1987; K a to , 1986; Yam azoe et 
a l., 1984).
The M etabo lic  A c tiv a tio n  o f Chem icals and Carcinogens
One aspect o f the c a ta ly tic  p rope rty  o f the cytochrom es P-448, which is 
o f considerable to x ico lo g ica l s ign ificance , is the find ing  th a t these haem oproteins 
are invo lved in the ox ida tive  (phase I) a c tiva tio n  o f p o lycyc lic  a rom a tic  
hydrocarbons, a rom a tic  amines and amides (Ioannides and Parke, 1987; Ioannides et 
a l., 1984; Parke and Ioannides, 1982, 1984; Parke, 1987; K a to , 1986). These 
oxidations resu lt in the fo rm a tion  o f p rox im a te  carcinogens or re a c tive  
in te rm ed ia tes  which are genera lly poor substrates fo r  the conjugating (phase II) 
enzymes. These in term edia tes in te ra c t non-enzym ica lly  w ith  ce llu la r 
m acrom olecules, which leads to covalent binding, m utations, m alignancy and 
eventual c e ll death. The tw o p rinc ipa l cy tochrom e P-448-m ediated mechanisms are:
(i) C ytochrom e P-450c-dependent bay region epoxidations o f p o lycyc lic
a rom atic  hydrocarbons, eg, 9 ,10-epoxidation o f benzo(a)pyrene-7,8- 
d ihydrod io l (Jerina et a l., 1985)
(ii)  The cytochrom e P-450(_j-dependent hydroxy la tion  o f arylam ines such as 3-
a m in o -l,4 -d im e th y l-5 H -p y rid o  [4 ,3 -b ]in d o le  (T rp-P -1) and 2-am ino-3- 
m e thy lim idazo-(4 ,5 -f)-qu ino line  (IQ) (K a to ,1986; Yamazoe et a l., 1984). I t  
must be stated, however, th a t non-cytochrom e P-450 enzymes have also 
been shown to  play a ro le  in xenob io tic  ox ida tive  a c tiva tio n , eg, F A D - 
conta in ing  monooxygenases and prostaglandin (PES) endoperoxide 
synthetase (Parke, 1987; Ioannides and Parke, 1987; Parke and Ioannides,
A 
C
om
pa
ris
on
 
of 
the
 
C
yt
oc
hr
om
es
 
P-
44
8 
W
ith
 
Th
e
=3 O
OU~\
I
CL
coo>
c
Era
3XU
—  <u
o >>
I!
O 13
^  ^  a
c : 3
13 . C L
01 cn_aj 2 n*-  ^ cQ . _  to
r . ^*-> <r
* Q .
«- CD 
U  CL
> o
O '  ^
°  a.
E S
* §  
4 , I .
2 €
o 203 >>
o V
II» .ti 
•o i
,i= d
6 "  
to > ,
O' E
■f £
9- P Z•o c
w  u  to
i  03 ^w *- cO o —
, 2 - 0 3
—  2 ° _  
Of t "  —
—  L J c  O
O . .  —  D  >xTD >,
03 —*
. 2  H o
o c  c
to *-» •— 
cl  -2
C  —  o  CD CO
u  '  —
£ « "
c
CD O  —• <D
^  g j —. •C co <o c
>> 3
£ E o  x i u13 —  ,
-o y
3  «  X
« o O
J o .o y c.
Z  c -o
t  03
CO £
c o o ~ -o O
LD 03
a  mc 5
03 .C.
cn ->>H o
X co o _  
< o
Z  c 
•o ° c O
o 2
> *  03•P JC
P o 
>> £ X' o
_  co X3 ca O <n «
c  -O „  
o) a c  c
^  <n 3  03
TJ <_ 
C  P
CD O
« E
CO 43
C  ^  
T3 3
§ S’
® °
CL C
03 . 2
CO — 
— . 03
VO
JO
CD
H
uo
>>
U
JD
i20
. D TD 
C
1
"3
!5(_
CD
JQOc(DJC
CL
ob
u
3X
U
ao.
■O 3 c £3 (0-» , u2 a « 
Z , >  c l
3  P  £3 C —
« ■£ -2 
03 ^  _n  3  «3 £  
n  U  ( j2 3 D 
D i 3 o  ^  C c
co “ “
s = °- X3 -
= 5*0 c— 13
7> ©
13 CO* eo 
>  *J ODC —
—  0) to
5 y-=o —
—  CL -
„  CO
to ^  £
^  5  o c , _ 
63 n -cn J  
13 CJ4 w
a f  ?
>- 2 -  e
>> • 
O '  ■
a
c j  “  
D ££ 
C  ^
•o 5c
c 2^
E p
® 5 o — cn 83
r  2
S S 
- = s |
E 2 cl
O “3 ~
D  °  «  O
0  03 c  o
P 3 ffl "
co 2  *“ ®— .2 ££ C 
03 ^  Oc o
O  on -Q  C
JD
S c i i !
J3  ® C  ^22 —0 0
?  3  3  ^  E TD *0
a  «  -E £
13
CX
1) 13
TD -»
O  ®  c  
13 13
•±  t -  O '
2- ® ^^  x
CJ ---- Qo CO
co c  *”* •
—  s ° ”- - CO c c
.2 5 g.2 
^  I  U -
—  ^ O
2 S 5 “ ■o."5«  2  03 03 13 O L 
83 03 03
- >  7 ;  03 -Q
<n °  O ’  c
_® c .
| l ? i -
O  CD
O X5L» ~o c as r-»
5 Z
.U E
>, o
60C  ^
13 S  
O '  c  a t: * a
D 50
o P
a o
CD 50 t .c r13 —  r .
° I  2c_ CO
£  O '  U
30 <0 b,
03 03 Cl
CO CO
"x X "
X X - ,
o o -
■a ‘O Sx  x  o 
X  X  a .
8 I
+ J
o £■
-  8
8 2
“  cCX to
l l
CJ o
5 £
O  C
X ' c
43 t !  O  
CJ «
*> a  c  P T. ? T3 S'
.E §■=•o
«  CJ
c
LJ
03•o
C
j3 ® _n 03 _5
03 01 3  ca 83u  u q  u M
2 -  "  « .2
-O  n  -O  O '  
«  3  c  3  13
£2  %S* w *-
s §« 5
« 1
CJ CJ
8 S
C l  CX 
1/3 1/3
9£
cn
«c
LJ
(b) The P henobarb ita l-Induc ib le  C ytochrom es P-450
The phenoba rb ita l-induc ib le  cytochrom es P-450 (PB-cytochrom es P-450) 
are c le a rly  d istingu ishable  fro m  the cytochrom es P-448 (Table 1.6). These 
haem oprote ins have been shown to be induced by as much as 30 -fo ld  a fte r  
p re tre a tm e n t w ith  a range o f compounds, eg V  -ch lordane, SKF-525A, trans-s tilbene  
oxide and some non-p lanar polyhalogenated biphenyls (Ioannides and Parke, 1987; 
Waxman, 1986). The induction  by phenobarb ita l is ra th e r com plex, since as many as 
nine isoenzymes have been shown to be co-induced (W olf e t a l., 1986),w h ile  Backes 
e t a l., (1985) have s im ila r ly  p u r if ie d  a t least fou r isoenzymes a fte r  p re tre a tm e n t 
w ith  th is  agent.
The two p rin c ip a l isoenzymes (cytochrom e P-450^ and P-450^) (Ryan e t 
a l., 1982) have been ex tens ive ly  characte rised . They have been found to  be 
im m uno log ica lly  ind istingu ishab le  and do not share any im m uno log ica l re latedness 
w ith  the isoenzymes fro m  o the r gene sub-fam ilies  or fa m ilie s . L ike  the 
cytochrom es P-448, these haem oprote ins have had th e ir  com ple te  nuc leo tide  (gene) 
and amino acid sequences dete rm ined  (N ebert e t a l., 1987; N ebert and Gonzalez, 
1987; B lack and Coon, 1986; Sogawa e t a l., 1984; K uriyam a  e t a l., 1982; Suwa e t a l., 
1985) and have been shown to e xh ib it considerable s tru c tu ra l hom ology w ith  as much 
as 97% hom ology in th e ir  am ino acid sequences (B lack and Coon, 1986). H ow ever, 
the cytochrom es P-450 show only 25% hom ology o f nuc leo tide  or am ino acid 
sequence when com pared w ith  the cytochrom es P-448.
Both cytochrom e P-450^ and P-350e are low -sp in  haem oprote ins, w ith  
ch a ra c te ris t ic  m onom eric m o lecu lar w eights o f 52.0Kd and 53-54Kd, re sp e c tive ly  
(Ryan e t a l., 1982; Guengerich e t ah, 1982). A num ber o f substra tes have been 
em ployed to dete rm ine  the c a ta ly t ic  a c t iv ity  o f the tw o, and cy toch rom e P-450^ 
disp lays the highest tu rnove r ra tes fo r a num ber o f a c tiv it ie s , inc lud ing
am inopyrine  N -dem ethylase, d-benzphetam ine N-dem ethylase (Guengerich e t a l., 
1982; Ryan et a l., 1982; Conney, 1986), a ld rin -epox ida tion  (W o lff and Guengerich,
1987), hexobarb ita l-hydroxy lase  (Ryan et a l., 1982; Conney, 1986), testosterone 7a, 
16a and 16 3 -hydroxy la tions (Ryan e t a l., 1982; Conney, 1986), and androstenedione 
16 8 -hydroxy la tion  (Waxman, 1986). A t present, the O -dea lky la tion  o f 
pen toxyreso ru fin  is considered the most d iagnostic a c t iv ity  fo r th is haem oprote in 
(Burke et a l., 1985; W olf e t a l., 1986; Burke and Mayer, 1983; Lubet e t a l., 1985).
• The p re fe rred  substrates o f the haem oproteins have been characterised in 
term s o f th e ir overa ll m o lecu lar geom etry (Lew is et a l., 1986). C ytochrom e P- 
450j_^e-se lec tive  m olecules have been shown to  be non-planar, g lobular m olecules 
w ith  a large depth, a high degree o f con fo rm a tiona l f le x ib i l i ty  and are characterised 
by sm all area/depth ra tio s . These observations may p a rtly  expla in  why the 
phenobarb ita l-induc ib le  cytochrom es P-450, in general, play con tras ting  ro les to  the 
cytochrom es P-448 during the phase I m etabolism  o f xenob io tics. These P-450 
p ro te ins have been shown to m ediate p rim a rily  the ox ida tive  dea c tiva tion  o f 
xenob io tics (Ioannides and Parke, 1987), usually cata lys ing C -ox ida tions a t s te r ic a lly  
unhindered positions (Parke, 1987; Ioannides and Parke, 1987; Ioannides e t a l., 1984; 
Parke and Ioannides, 1982, 1984).
A th ird  isoenzyme has been p u rified  fro m  phenobarb ita l-p re trea ted  ra t 
hepatic m icrosomes, cytochrom e P-450 PB-1 (Waxman and Walsh, 1983; Waxman, 
1986, 1988). This is induced only m arg ina lly  (about 4 -fo ld ) by phenobarb ita l and is 
also present in s ig n ifica n t amounts in uninduced ra t liv e r m icrosomes (Waxman and 
Walsh, 1983; Waxman, 1986). I t  has been shown to e xh ib it high w a rfa r in  7- 
hydroxylase a c tiv ity  and is not susceptible to  the in h ib ito ry  e ffe c ts  o f the 
cytochrom es P -4 5 0 ^ e-se lec tive  in h ib ito r, m etyrapone (Waxman and Walsh, 1983).
A fo u rth  isoenzyme, P-450 PB-2a (Waxman et a l., 1985; Waxman, 1986,
1988), P-450 PCN-E (Guengerich e t a l., 1982) has also been p u r if ie d  from  
phenobarb ita l-p re trea ted  animals, but w ill be discussed below.
(c) The Stero id (PC N )-Inducib le  C ytochrom es P-450
A cytochrom e P-450 isoenzyme has been p u rified  fro m  hepatic  
m icrosomes o f s te ro id -p re tre a te d  male and fem ale  ra ts, although in the uninduced 
sta te  i t  appears to be m a le -spec ific  (Waxman e t a l., 1985). W ell documented 
inducers have included g lucocortico ids  such as dexamethasone and betamethasone 
(Schuetz e t a l., 1984; W righton e t a l., 1985) and the syn the tic  a n ti-g lu co co rtico id  
pregneno lone-16a-carbon itrile  (PCN) (Schuetz e t a l., 1984, 1986; Waxman et a l., 
1985; W righton et a l., 1985; Heuman e t a l., 1982; Elshourbagy and Guzelian, 1980). 
A dd itio n a l inducers have included phenobarb ita l (Heuman et a l., 1982; Schuetz e t 
a l., 1986; Park e t a l., 1986b), m acro lide  a n tib io tics  such as tria ce ty lo le a nd o m yc in  
(TAO) (W righton et a l., 1985; Guzelian e t a l., 1984, 1987) and e rythra losam ine  
(S artori e t a l., 1985) and organochlorine pestic ides such as 'tf-ch lordane (Schuetz e t 
a l., 1986).
The pu rified  isoenzyme, cytochrom e P-450p, has been characte rised  
(Elshourbagy and Guzelian, 1980; Waxman, 1986; W righton e t a l., 1985) and has been 
found to be im m uno log ica lly  d is tin c t fro m  both the phenobarb ita l-induc ib le  
cytochrom es P -4 5 0 ^ e (Ryan et a l., 1982) and the P A H -inducib le  cytochrom es P- 
450c ^  (Ryan et a l., 1982), w ith  a m onom eric m olecular w e ight o f 51-52Kd. The 
p ro te in  exh ib its  both am inopyrine and e thylm orph ine-N -dem ethylase  a c t iv ity  
(Elshourbagy and Guzelian, 1980), although not as high as cytochrom e P-450^. 
C ytochrom e P-450p-diagnostic a c tiv it ie s  have included:
E ry th rom yc in  N -dem e thy la tion  (W righton et a l., 1985, 1985a)
M ephenytoin 4 -hyd roxy la tion  (Shimada and Guengerich, 1985) 
T riace ty lo leandom yc in  complex fo rm a tio n  (Pershing and F rank lin , 1982; 
D e la forge a t a l., 1984; W righton e t a l., 1985; S arto ri e t a l., 1985) 
Testosterone and androstenedione 63 -hyd roxy la tion  (Waxman et a l., 1985; 
Waxman, 1986, 1988).
The cDNA (P-450 PCN-1) sequence to a P C N -inducib le  cytochrom e P-450 
has been determ ined by Gonzalez e t a l., (1985, 1986) and has been found to share 
less than 38% sequence homology w ith  the cDNA o f the m ajor phenobarb ita l- and 
P A H -induc ib le  cytochrom es P-450. The corresponding m RNA (m RNA PCN-1) has 
been shown to  be induced by PCN, dexamethasone and phenobarb ita l (Gonzalez e t 
a l., 1986), I t  has now been shown th a t the a m ino -te rm ina l amino acid sequence o f 
cytochrom e P-450p (Elshourbagy and Guzelian, 1980) is iden tica l w ith  th a t deduced 
using the above clone (H o s te tle r e t al., 1987). Gonzalez e t a l., (1986) have also 
succeeded in iso la ting  a second cDNA (P-450 PCN-2) th a t exh ib its  about 90% 
homology w ith  PCN-1 and is only induced by phenobarb ita l. I t  is considered th a t the 
cytochrom e P-450 III gene fa m ily  most probably comprises two or more members, 
which are under d if fe re n t ia l regu la to ry  con tro l (Gonzalez e t a l., 1986; H o s te tle r e t 
a l., 1987). C e rta in ly , Graves et a l., (1987) have resolved two cytochrom e P-450 
isoenzymes (P-450 PCNa and PCNb) from  P C N -p re trea ted  ra t liv e r  m icrosomes. 
The tw o are im m uno log ica lly  ind istinguishable, are characterised by d if fe re n t 
m onom eric m o lecu lar w eights and are d if fe re n t ia lly  inh ib ited  by ch loram phenicol. 
C ytochrom e P-450 PCNb is considered to be equiva lent to (Gonzalez £ t
a l., 1985) and P-450 PB/PC N -E  (Guengerich e t a l., 1982).
(d) The E thanol-Inducib le  C ytochrom es P-450
To date, only one m a jo r cytochrom e P-450 (P-450j) has been p u r if ie d  fro m  
e thano l-p re trea ted  ra t hepatic m icrosomes (Thomas e t a l., 1987). The haem oprote in
(0
(ii)
( ii i)
(iv)
has also been shown to  be induced by p re tre a tm e n t w ith  isoniazid (Ryan et a l., 1985; 
Thomas e t a l., 1987), acetone (P a tten  e t a l., 1986; Ko e t al., 1987), s trep tozo toc in  
and pyrazole  (Thomas et a l., 1987; E varts e t a l., 1982). The levels o f th is  isoenzyme 
have also been shown to rise during fas ting  (Hong e t a l., 1987).
Cytochrom e P-45CT is characterised by high tu rnover ra tes o f a n iline -p - 
hydroxy la tion  (Conney, 1986; Ryan et a l., 1985), n-pentane m etabolism  (Tere lius and 
Ingelman-Sundberg, 1986) and especia lly N ,N -d im e th y l-N -n itrosa m in e  N- 
dem ethy la tion  (P atten  e t a l., 1986; Thomas et a l., 1987; Tu and Yang, 1985), 
a lthough i t  does not m etabolise testosterone (Conney, 1986). The isoenzyme has 
been iso lated in a p r im a rily  h igh-spin s ta te , w ith  a m onom eric m o lecu lar w e ight o f 
50-52Kd (Ryan et a l., 1985) and is im m uno log ica lly  d is tin c t fro m  cytochrom es P- 
450 -P -450 f  (Ryan et a l., 1985). The com plete cD N A nucleotide and corresponding3 T
amino acid sequences have been determ ined (Song et a l., 1986) and a lignm ent studies
have shown th a t these are only 48% homologous w ith  those o f cytochrom es P-450^
and P-450 .e
Cytochrom e P-450^ may be involved in the a c tiva tio n  o f a number o f 
xenobio tics, since ethanol adm in is tra tion  is known to enhance the m etabo lic  
a c tiva tio n  o f a number o f carcinogens (Ioannides and Steel, 1986). In p a rtic u la r, the 
N -dem ethy la tion  o f N ,N -d im ethy l-N -n itrosam ine  has been shown to be im p o rta n t in 
the fo rm a tion  o f a DNA m e thy la ting  species, which brings about the m utagenic 
e ffe c t (Hong and Yang, 1985).
Three o ther hepatic m icrosom al cytochrom es P-450 (P-450^., P-450^, P- 
450^) have also been p u rifie d  from  e thano l-p re trea ted  ra ts  (Ryan e t a l., 1984), but 
are d is tin c t from  cytochrom e P-450^. and are regarded as c o n s titu tive  (Ryan e t a l., 
1984; Bandeira e t a l., 1985).
(e) C lo fib ra te -In d u c ib le  Cytochrom es P-450
The a dm in is tra tio n  to ra ts  o f a number o f hypo lip idaem ic agents, which 
are capable o f low ering  plasma tr ig lyce rid e s , is u n ifo rm ly  associated w ith  
hepatom egaly and p ro life ra tio n  o f both peroxisomes and m icrosom al fra c tio n s . 
Associated w ith  the la t te r  has been cytochrom e P-450 induction  (Bains e t a l., 1985). 
The o rig in a l isoenzyme was p u rifie d  by Tam burin i et a l., (1984) fro m  c lo f ib ra te -  
induced ra t hepa tic  m icrosomes. The haem oprote in (cytochrom e P-452) has been 
characte rised  by a num ber o f c r ite r ia  and is c a ta iy t ic a lly , s p e c tra lly , and 
im m uno log ica lly  d is t in c t fro m  the m ajor phenobarb ita l- and P A H -induc ib le  
cytochrom es P-450. These find ings have now been com plem ented w ith  the recen t 
p u r if ic a t io n  o f the same p ro te in , 'cy tochrom e ^ " 4 5 0 ^ '  by H ardw ick  e t a l., (1987). 
Im m uno log ica lly  de tec tab le  increases in the m icrosom al leve ls o f th is  haem opro te in  
have been de tec ted  a fte r  p re tre a tm e n t w ith  a num ber o f hypo lip idaem ic agents, eg, 
b eza fib ra te  and c lo b u za rit (Bains e t a l., 1985; Gibson and Bains, 1985). These 
increases have also been shown to  c lose ly pa ra lle l increases in the 11 (w -1) and 12 
(w )- hyd roxy la tions o f la u ric  acid (Bains e t a l., 1985), which is c u rre n tly  considered 
to  be the d iagnostic  substrate (Tam burin i et a l., 1984; H ardw ick e t a l., 1987). The 
possible ro le  o f th is  isoenzyme in the m etabolism  o f a rach idon ic acid has been 
considered (Bains e ta l . ,  1985).
The cD N A  to  cytochrom e P - 4 5 0 ^  ■ has been iso la ted  and displays less 
than 35% nucleo tide  sequence hom ology when aligned w ith  the cD N As o f 
cytochrom es P -450^, P-450^ P-450e and P -4 5 0 p ^ ^ . I t  has been suggested 
(H ardw ick e t a l., 1987) th a t th is gene fa m ily  may also com prise one or m ore 
members, but as ye t only a single p ro te in  has been p u rifie d  fro m  c lo fib ra te -in d u c e d  
hepatic  m icrosom es.
(f) C o n s titu tive  C ytochrom es P-450
A number o f workers have iso la ted cytochrom e P-450 isoenzymes from  
uninduced ra t hepatic m icrosomes (Table 1.7). These haem oproteins are present at 
re la tiv e ly  high levels in the uninduced (co n s titu tive ) s ta te , probably m ain ta ined by 
hom eostatic  mechanisms. The d iffe rences in the m icrosom al leve ls o f these 
isoenzymes are believed to  give rise to  the observed sex, s tra in  and possibly even 
in te r- in d iv id u a l d iffe rences in drug m etabolism , the so-ca lled 'o x ida tive  
polym orphism '.
C ytochrom e P-450 U T-F (P-45Q_^)
C ytochrom e P-450 UT-F has been p u rified  by a number o f groups (Table
1.7) and is induced only m arg ina lly  (about 2 -fo ld ) by both phenobarb ita l and PAHs 
(Waxman, 1986; Conney, 1986). In the co n s titu tive  s ta te , levels o f th is isoenzyme 
are higher in fem ales than males (Waxman e t a l., 1985) and can be read ily  
d istinguished by a high tu rnover fo r the 7a -hyd roxy la tion  o f testosterone (Conney, 
1986; Ryan e t a l., 1982; Waxman, 1986). C ytochrom e P-450 U T-F  is 
im m uno log ica lly  d is tin c t from  cytochrom es P -450^-P -450j, in add ition  to  displaying 
a unique a m ino-te rm ina l amino acid sequence (Levin  e t a l., 1985; Conney, 1986; 
B lack and Coon, 1986). The fu ll- le n g th  cD N A o f th is isoenzyme has been iso la ted 
and sequenced (N ebert e t a l., 1987; N ebert and Gonzalez, 1987) and found to be 52% 
homologous w ith  tha t o f cytochrom e P-450g.
C ytochrom e P-450 U T-H  (P -^ O q ^)
Larrey  e t a l., (1984) have pu rified  cytochrom e P-450 U T-H  fro m  
untreated hepatic microsomes o f male Sprague-Dawley (SD) ra ts . The haem oprote in 
exh ib its  high debrisoquine-4-hydroxylase a c t iv ity  and is also im m uno log ica lly  
d is tin c t. I t  is believed th a t th is  p ro te in  is the locus o f the ox ida tive  polym orphism s 
observed between D A -s tra in  (poor m etabolisers) and the S D -stra in  (fas t
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m etabolisers), since the fo rm e r are devoid o f any im 'm unochem ically de tectab le  
cytochrom e P-450 U T-H  (La rrey  e t a l., 1984). Some add itiona l c a ta ly t ic  a c tiv it ie s  
which have been dem onstrated include am inopyrine N -dem ethy la tion , sparte ine A^- 
ox ida tion , ( i)  b u fu ra lo l l'-h y d ro x y la tio n  and ace tan ilide  4 -hydroxy la tion  (La rrey  et 
a l., 1984; D is tle ra th  et a l., 1985). The nucleotide sequences o f tw o fu ll- le n g th  ra t 
cDNAs (d b l and db2) have recen tly  been determ ined (N ebert e t a l., 1987), i t  is 
believed tha t the fo rm e r corresponds to the cytochrom e P-450 U T-H  p ro te in  (N ebert 
and Gonzalez, 1987).
Sex-Specific C ytochrom es P-450
There is considerable evidence fo r the invo lvem ent o f m u ltip le  form s o f 
cytochrom e P-450 in the occurrence o f sex-re la ted  d iffe rences during the oxidation  
o f drugs in ra ts  (K am atak i e t a l., 1982; Schenkman e t a l., 1987). The levels o f these 
isoenzymes are believed to be regula ted by p itu ita ry  gland secretions (Waxman,
1988).
A m a le -spec ific  cytochrom e P-450 has been p u rified  by a number o f 
w orkers (Table 1.7), eg, P-450-2c (Waxman, 1984). The p u rifie d  p ro te in  is 
characterised by its  a b ility  to hydroxyla te  testosterone at both the 16a and 2a 
positions (Conney, 1986), as w e ll as cata lys ing  the N -dem ethy la tion  o f d- 
benzphetam ine and am inopyrine (Conney, 1986; Schenkman et a l., 1987). The 
p ro te in  has been shown to be im m uno log ica lly  d is tin c t from  the m ajor 
phenobarb ita l- and P A H -induc ib le  cytochrom es P-450 (Waxman, 1984). R ecently , a 
cytochrom e P-450 gene (M - l)  which is expressed predom inantly  in male ra ts , has 
been sequenced (N ebert e t a l., 1987; N ebert and Gonzalez, 1987) and corresponds to 
cytochrom e P-450-2c.
By analogy, a fem a le -spec ific  isoenzyme has also been p u rifie d  (Table
1.7), eg, P -4 5 0 - j^  (MacGeoch e t a l., 1984). The p u rifie d  p ro te in  is a low -sp in
haem oprote in , which is read ily  characterised by its  a b ility  to  ca ta lyse the 15 6- 
hyd roxy la tion  o f 5a-androstane-3a ,17 6 -d io l-3 ,17-d isu lpha te  (MacGeoch e t a l., 1984; 
Conney, 1986), but does not m etabolise testosterone or androstenedione (Conney, 
1986; Schenkman e t a l., 1987). There is no data concerning its  com plete  amino acid 
or nucleo tide  (gene) sequences, a lthough i t  has been shown to e xh ib it as much as 
73% sequence homology w ith  cytochrom e P-450-2c in its  am in o -te rm in a l amino acid 
sequence (Levin  £ t al., 1985).
Cytochrom es P-450^ and P-450^
Both cytochrom es P-450^. and P-450^ have been p u rifie d  fro m  untrea ted  
ra t live rs  (Ryan e t a l., 1984), the la t te r  is a m a le -spec ific  isoenzyme and is believed 
to correspond to 'R LM 3' (Cheng and Schenkman, 1982; Schenkman et a l., 1987). 
C ytochrom e P-450g is a low -sp in  haem oprote in and exh ib its  modest ra tes o f 
testosterone 6 6-hydroxylase a c tiv ity  (Conney, 1986; Schenkman, 1987; Ryan et a l., 
1984; Waxman, 1986). Its  am ino -te rm ina l amino acid sequence has been found to be 
more than 67% homologous w ith  those o f cytochrom e P-450^ and P-45CL (Lev in  et 
a l., 1985), which is re fle c te d  in th e ir  high degree o f im m unolog ica l re latedness 
(Bandeira e t a l., 1985). Its  corresponding fu ll- le n g th  cDNA is s t i l l  to be iso la ted.
Cytochrom e P-450^ has been pu rified  and shown to  ex is t in h igh-spin fo rm
(Ryan et a l., 1984) and does not exh ib it any c a ta ly t ic  a c t iv ity  tow ards a range o f
xenob io tic  substrates or testosterone (Conney, 1986; Ryan et a l., 1984). Its  am ino-
te rm in a l amino acid sequence has been shown to  be 73% and 53% homologous w ith
those o f cytochrom es P-450^ and P-450. respective ly  (Levin  e t a l., 1985). The
pro te in  displays varying degrees o f im m unological relatedness w ith  cytochrom es P-
450 , P-450, , P-450. and even P-450, and P-450 (Levin  e t a l., 1985), but not g’ It  i b e --------  ’
cytochrom es P-450^ and P-450^ (Bandeira e t a l., 1986). Its fu ll- le n g th  cD N A  has 
been iso lated and sequenced (N ebert and Gonzalez, 1987).
O ther C ytochrom e P-450 Isoenzymes
C ytochrom e P-450 RLM 2 has been p u rifie d  fro m  untrea ted  ra t hepatic 
m icrosomes (Jansson e t a l., 1985; Schenkman e t a l., 1987) and exh ib its  high 
testosterone 7 3- and 15a-hydroxylase a c tiv ity .  This p repara tion  is s im ila r to  P-450 
RLM2b, but unlike RLM 2b, i t  is not present in im m atu re  ra ts.
O ther isoenzymes which have been p u rified  include cytochrom e P-450 
DEa (MacGeoch e t a l., 1984) P-450 RLM5a, fR LM 5a (Schenkman e t a l., 1987), but 
these aw a it com plete  charac te risa tion .
1.4 THE IN D U C TIO N  OF CYTO CHRO M E P-450
The adm in is tra tion  o f both xenob io tic  or endobiotic  (endogenous) 
chem icals is known to  a lte r the levels o f various hepatic m icrosom al cytochrom es P- 
450 (Conney, 1967, 1986; Parke, 1975, 1979). This is o f great pharm aco log ica l and 
tox ico log ica l im portance, when one considers the d iffe re n t roles played by the 
various isoenzymes o f cytochrom e P-450 in phase I (ox ida tive ) m etabolism  (Section 
1.3) (Ioannides and Parke, 1987; Ioannides et a l., 1984; Parke, 1987). Gene cloning 
and a llied  techniques have made a g reat im pact on studies concerning the 
mechanisms o f cytochrom e P-450 induction  and gene expression. However, in most 
cases the com plete  mechanisms involved are s t i l l  to be e luc ida ted (G oldste in, 1984; 
Nebert and Gonzalez, 1985, 1987; N ebert et a l., 1981; W hitlock, 1986; Adesnik and 
A tch ison, 1986).
1.4.1 The Ah Locus and Cytochrome P-450 Induction by PAHs
The hepatic m icrosom al cytochrom es P-448 are co-induced by a va rie ty  o f 
xenob io tics (Ioannides and Parke, 1987). W ith the p repara tion  o f 'fo rm -s p e c ific ' 
po lyc lona l antisera (Reik e t al., 1982; Degawa e t a l., 1985a) i t  has been possible to 
sp e c ifica lly  im m unoquantify  the m icrosom al levels o f both cytochrom e P-450c and 
P-450^. I t  has now been recognised th a t cytochrom es P-448 inducers are o f three  
main types:
(i) PAHs inducing p rim a rily  cytochrom e P-450c , eg, benzo(a)pyrene, 3-
m ethy lcho lanth rene, 8-naphthoflavone and 2 ,3 ,7 ,8 -te trach lo rod ibenzo -p - 
d iox in  (TCDD).
( ii)  Inducers o f p r im a rily  cytochrom e P-450^, eg, isosafrole and 3 -m e tho xy -4 -
aminoazobenzene.
( ii i)  Inducers o f both isoenzymes, eg, A ro c lo r 1254.
A lthough co-induced by these compounds, both haem oproteins are 
considered not to  be under coordinated regu la to ry  co n tro l (Thomas e t a l., 1983), 
which has been con firm ed  by studies invo lv ing  the induction  k in e tics  o f both 
cytochrom e P-450c and P-450^ mRNAs (Fagan et a l., 1986; K a w a jir i e t a l., 1984).
There is considerable evidence to  suggest tha t the e leva tion  o f 
cytochrom e P-450c m RN A, apoprotein and associated a ry l hydrocarbon hydroxylase 
a c tiv ity  (AHH), a fte r  PAH adm in is tra tion  is a c tua lly  associated w ith  the binding o f 
these xenob io tics to a ce llu la r a rom atic  hydrocarbon (Ah) recep to r (Ioannides and 
Parke, 1987; N ebert et a l., 1987; N ebert and Gonzalez, 1985, 1987; W hitlock , 1986, 
1987; G oldste in, 1984; Adesnik and A tchison, 1986). The o rig ina l work was ca rried  
out on D B A /2  (non-responsive) and C57BL/6 (responsive) m ice stra ins (W hitlock, 
1987). U n like  the C57BL/6 s tra in , the D BA/2 m ice are characterised by the lack o f 
P A H -inducib le  P-^-450-associated e levations in A H H  a c tiv ity  (Ohyama et a l., 1984) 
and 7 -e thoxyresoru fin -O -deethy lase  a c tiv ity  (Lum  e t a l., 1986). The observed 
d if fe re n tia l response to PAH such as 3 -m ethy lcho lanth rene  (3-M C) and TCDD has 
been a ttr ib u te d  to the lack o f a high a f f in ity  P hO -T C D D -b ind ing  recep to r in the 
D BA/2 s tra in  (W hitlock , 1986, 1987; Ohyama e t a l., 1984).
Despite the fa c t th a t a number o f workers have considered the unoccupied 
recep to r to be w ith in  the nucleus (Reviewed: W hitlock, 1987; Guengerich, 1987) 
more recent evidence points to  its  cy toso lic  lo ca lisa tion  (N ebert and Gonzalez, 
1987). The recep to r has not been pu rified , however:
(i) A high a f f in ity  P h ]-T C D D  recep to r has been found, not only in mouse
liv e r  cy toso l, but in s im ila r prepara tions from  several m am m alian species, 
including the ra t (Denison and W ilkinson, 1985) and ex trahepa tic  sources 
(Ioannides and Parke, 1987). In the ra t, H e in tz  e t a l., (1981) have 
managed to  co rre la te  the induction  o f A H H  a c tiv ity  w ith  sa turab le
binding to  a h ig h -a ff in ity  cy toso lic  -3 -m ethy lcho lan th rene-b ind ing
p ro te in .
( ii)  Compounds such as 3 -m ethy lcho lanth rene, benzo(a)pyrene,
d ibenz(a,h)anthracene and 8-naphthoflavone com pete w ith  P h ]-T C D D  
fo r the recep to r in cy toso lic  binding assays (Denison and W ilkinson, 1983; 
G illn e r e t a l., 1983), these compounds sharing a number o f common 
s tru c tu ra l fea tures (G illne r et a l., 1983). M oreover, i t  has been shown 
(Lew is e t a l., 1986) th a t cytochrom es P-448 inducers, like  substrates, are 
planar in term s o f th e ir  ove ra ll m o lecu lar geom etry, r ig id  and
characterised by sm all depth and large area/depth ra tio s . C e rta in ly , 
phenobarb ita l has been shown not to com pete w ith  P h ]-T C D D  in a
charcoa l/dextran  binding assay (Reviewed: Lechner e t a l., 1982).
The Ah recep to r its e lf  is believed to  be the gene product o f the 'Ah locus' 
(W hitlock, 1986) and a series o f im proved Ah recep to r binding assays w ith  L3h1  
TCDD and spec ific  P^-450 cD N A  probes have helped to establish the chrono log ica l 
series o f events tak ing  place during the induction  process (N ebert and Gonzalez,
1987) (F igure 1.3). B inding o f the PAH, or its  m e tabo lite , to the recep to r resu lts in 
the fo rm a tion  o f a b inary induce r-recep to r complex (Kd < l.OnM ) in a s im ila r 
mechanism to  tha t o f s tero id  hormones (N ebert and Gonzalez, 1987; Lechner et a l.,
1982; W hitlock, 1986, 1987). Once form ed, the com plex is trans loca ted  in to  the
nucleus, and the cytochrom e P-^-450 genes are tra n sc r ip tio n a lly  ac tiva ted . 
C u rre n tly , the fa c to rs  governing the actua l ce llu la r concentra tions o f the recep to r 
rem ain unknown (W hitlock, 1987). However, the Ah locus is considered to be 
im p o rta n t in dete rm in ing  the in d u c ib ility  o f cytochrom e P^-450 in anim als and 
hence the su scep tib ility  to  tum origenesis (Ioannides and Parke, 1987; Lechner e t a l.,
1982).
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C ytochrom e P^ -450 R egula tion  by the Ah R eceptor in a C e ll
(N ebert and Gonzalez, 1987)
T yp ica l cy tochrom e P-450^ (isosa fro le-type) inducers, such as 2,2- 
d im e th y l-5 - t-b u ty l- l,3 -b e n z o d io x o le  (W hitlock, 1987), have been shown to cause a 2- 
fo ld  decrease in the hepatic  leve ls o f the TCDD recep to r in C 57BL/6 m ice. 
A lthough increases in the tra nsc rip tion  o f ra t cytochrom e P-450^ m RN A (Fagan et 
a l., 1986) and mouse P^-450 m RNA (Ohyama e t a l., 1984) have been detected a fte r 
isosafro le  tre a tm e n t, the invo lvem ent o f a recep to r has not been established 
(Y eow ell e t a l., 1985; Fennell e t a l., 1980).
1.4.2 The Induction of Cytochrome P-450 by Non-PAH Compounds
The induction  o f hepatic m icrosom al cytochrom es P-450 by non -po lycyc lic  
a rom a tic  hydrocarbons (PAHs) is exem plified  by phenobarb ita l, c lo fib ra te  and 
steroids (N ebert and Gonzalez, 1985, 1987; W hitlock, 1986; Guengerich, 1987) (Table 
1.8).
Phenobarb ita l adm in is tra tion  is known to  bring about the sim ultaneous 
induction  o f tw o isoenzymes, cytochrom e P-450^ and P-450g and k in e tic  induction  
studies have revealed tha t th is involves the accum ula tion  o f both respective  m RNAs 
(N ebert e t a l., 1987; N ebert and Gonzalez, 1985, 1987; Goldste in, 1984; Gozukara et 
a l., 1984; P h illips  e t a l., 1981, 1983; Shephard et a l., 1987; Pike et a l., 1985; 
O m iecinski e t a l., 1985). That trans loca tion  o f these m RNAs fro m  the nuclear 
envelope to  the ER membrane occurs (Gonzalez and Kasper, 1981) and th a t the 
overa ll process o f induction  is m ediated at the leve l o f tra n sc rip tio n  (P ike e t a l.,
1985) has now been established. This involves l i t t le  or no change in the ra tes o f 
processing, transport or degradation o f the m RNA (Reviewed: W hitlock, 1986; P ike 
e t a l., 1985). How phenobarb ita l-type  compounds ac tu a lly  bring about the a c tiva tio n  
o f the cytochrom e ^ “ 4 5 0 ^ ^  genes remains to be established, since no recep to r has 
been detected (G oldstein, 1984; W hitlock, 1986; N ebert and Gonzalez, 1987). 
However, i t  is known th a t phenobarb ita l-type  inducers, like  cytochrom es 
se lective  substrates and inh ib ito rs , are characterised by g lobular m o lecu lar 
geom etry and sm all area/depth ra tios  (Lew is e t a l., 1986).
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A s im ila r s itu a tio n  exists w ith  the induction  o f cytochrom e P-452 (P- 
450l a w  ^ ^  agents such as c lo fib ra te  (H ardw ick e t a l., 1987). In th is  instance, the 
increased ra te  o f cy tochrom e gene tra nsc rip tion  has been shown, as w e ll
as the associated increases in apoprote in synthesis and la u ric  acid hydroxylase 
a c tiv ity .  The invo lvem ent o f a c lo fib ra te  recep to r has not been established. 
M oreover, M ilto n  et a l., (1987) have shown no displaceable binding o f e ithe r P h I  
nafenopin or p H j-c ip ro f ib ra te  in co m p e titive  binding assays in e ith e r whole 
hom ogenate, m icrosom al or cy toso lic  ra t liv e r  frac tions .
The iso la ted cD N A encoding fo r the e thano l-induc ib le  cytochrom e P-45CL 
has been s im ila r ly  u tilised  to study the regu la to ry  mechanisms o f expression o f th is  
enzyme during developm ent and its  induction  by xenobiotics (Song et a l., 1986). I t  
has been concluded th a t increases in both cytochrom e P-45CL apoprote in  and its  
m RNA pa ra lle l the change in aniline  p-hydroxylase a c tiv ity  during developm ent. 
However, induction  o f th is isoenzyme by various agents such as pyrazole  and 
acetone may be due to p os t-trans la tiona l events. Compounds such as e thanol and 
acetone are not considered to act d ire c tly  through a spec ific  recep to r (Song e t a l.,
1986).
The regu la tion  and induction  mechanism o f the s te ro id -induc ib le
isoenzyme, cytochrom e P-450 has been shown to be com plex (W hitlock , 1986),
P
especia lly since th is  haem oprotein can be induced by a varied number o f 
s tru c tu ra lly -d ive rse  compounds (W hitlock, 1986; Schuetz e t a l., 1984, 1986; W atkins 
et a l., 1986). P regneno lone-16a-carbon itrile  (PCN) and dexamethasone are known to 
bring about an accum ulation in the levels o f the trans la tab le  cytochrom e P-450p 
m RNA (PCN1), cytochrom e P-450p apoprote in and associated testosterone 613- 
hydroxylase a c t iv it iy  (Gonzalez e t a l., 1986; Schuetz e t a l., 1986). The exact 
mechanisms o f gene a c tiva tio n  rem ain unknown. I t  has not ye t been established
w hether PCN-induced m RNA accum ulates in the absence o f ongoing p ro te in  
synthesis, or i f  PCN and o ther steroids such as dexamethasone, act to increase the 
ra te  o f tra n sc rip tio n  o f the P-450^ gene (W hitlock, 1986).
I t  has been recognised fo r  some tim e  th a t ce rta in  g lu coco rtico id -induc ib le
enzymes, eg, ty ros ine  am inotransferase (TAT), are regula ted by a stero id
(dexamethasone) recep to r (W hitlock, 1986) and tha t cytochrom e P-450^ may also be
under s im ila r co n tro l (Schuetz and G uzelian, 1984). However, the induction  o f
cytochrom e P-450 by these agents, fo r  exam ple, has been shown not to be linked 
P
w ith  TAT induction  (Schuetz and Guzelian, 1984). I t  has the re fo re  been postu lated
th a t cytochrom e P-450p induction  may be regula ted by a second stero id  recep to r,
which is s im ila r or id e n tica l to the 'c lassica l' g lucoco rtico id  binding p ro te in  (Schuetz
e t a l., 1986; Schuetz and Guzelian, 1984). This has s t i l l  to be unequivocally
established. The induction  o f cytochrom e P-450p by non-stero ida l (phenobarb ita l-
type) agents is thought to occur by a d iffe re n t, and as ye t unknown, mechanism
(Schuetz et a l., 1986; W hitlock, 1986; Gonzalez et a l., 1986), despite the fa c t th a t
like  the g lucocortico ids, phenobarbita l is known to  bring about the induction  o f
cytochrom e P-450^ m RNAs (Gonzalez et a l., 1986). In the case o f cytochrom e P-
450 induction  by compounds such as tria ce ty lo leandom yc in  (W atkins e t a l., 1986), 
P
^ -ch lo rd a n e  and trans-nonachlor (Schuetz e t a l., 1986), the p rim ary  mechanism may 
invo lve the e ffe c tiv e  decrease o f haem oprotein tu rnover (degradation).
1.5 THE IN H IB ITIO N  OF CYTO CHRO M E P-450
A large number o f xenob io tic  and endogenous compounds o f varied 
s tru c tu re  are known to be in h ib ito rs  o f cytochrom e P-450-dependent m ixed -fu nc tio n  
oxidase a c tiv ity  (Testa and Jenner, 1981; N e tte r, 1980; O rtiz  de M onte llano and 
Reich, 1986). As w ith  cytochrom e P-450 induction , th is  has many im p o rta n t 
physio log ica l, pharm aco logical and tox ico log ica l im p lica tions  (Parke, 1979; 
W ilkinson and M urray, 1984; M urray, 1987), especia lly during chem otherapy which 
involves the co -adm in is tra tion  o f two or more drugs. W ith the p u r if ic a tio n  o f the 
MFO system components, i t  has been possible to  a tta in  a g rea te r understanding o f 
the mechanisms involved during the in h ib ition  o f cytochrom e P-450-dependent 
ox idation  reactions and i t  is now considered tha t MFO inh ib ito rs  can be c lass ified  
in to : (a) D ire c t and (b )Ind irect acting , revers ib le  or irreve rs ib le  in h ib ito rs . These 
compounds usually bind d ire c tly  to  cytochrom e P-450 (Testa and Jenner, 1981; 
W ilkinson and M urray, 1984).
1.5.1 Direct-A cting Inhibitors
The 'd ire c t' inh ib ito rs  o f cytochrom e P-450 do not requ ire  m etabo lic  
a c tiva tio n , e ithe r by cytochrom e P-450 its e lf  or o ther enzymes. This type o f 
in h ib itio n  can be regarded in term s of:
(i) A lte rn a tiv e  substrate inh ib ition
(ii) Ligand fo rm a tion  w ith  haem
(i) The degree o f in h ib ition  can be expected to  depend on the re la tiv e
a ff in it ie s  o f the two com peting compounds fo r the apoprote in  substrate 
(type I) binding s ite . The most e ffe c tiv e  inh ib ito rs  are those w ith  high 
a ff in it ie s  and low  m etabo lic  turnovers, eg, pe rfluo rina ted  hydrocarbons 
(W ilkinson and M urray, 1984).
( ii)  A number o f molecules conta in  hete ro -a tom s w ith  lone pa ir e lectrons, eg,
n itrogen . This a llows fo r da tive  cova len t bonding to  the haem iron to  
occur, usually in a revers ib le  manner. The best examples are carbon 
monoxide, isocyanide anions (C l\f ) ,  pyrid ines (eg, m etyrapone), 
benzim idazoles, im idazoles, tr ia zo les , pyrazoles and amines (Testa and 
Jenner, 1981; W ilkinson and M urray, 1984). N o rm a lly  th is  type o f 
in te ra c tio n  is characterised by a type II spectra l pe rtu rb a tion  (Section 
1.2.2b), whereby the conversion o f cytochrom e P-450 to  a low -sp in  
fe rr icy to ch ro m e  P-450-ligand com plex prevents reduction  o f the 
haem oprote in by the fla vop ro te in  reductase (Guenther e t a l., 1980), in 
add ition  to the com pe tition  w ith  m o lecu lar oxygen fo r the haem. 
A dd itiona l binding to the apoprote in is also believed to  be invo lved (O rtiz  
de M onte llano and Reich, 1986), since type I and type II b inding sites are 
considered to lie  in close p ro x im ity  and are not m u tua lly  exclusive in 
te rm s o f in h ib ition .
1.5.2 Indirectly Acting Inhibitors
A number o f cytochrom e P-450 inh ib ito rs  are known to requ ire  N A D P H - 
dependent m etabo lic  a c tiva tio n , where the parent compound is m etabolised by 
cytochrom e P-450 or some o ther enzyme. The product o f ox ida tion  fo rm s a 
m etabo lic  in te rm e d ia te  (M I) complex w ith  cytochrom e P-450, which is no rm a lly  
spec tra lly  de tectab le . W ell documented examples o f revers ib le  in d ire c t in h ib ito rs  
include m ethylenedioxyphenyl compounds, such as sa fro le , isosafrole and p iperonyl 
butoxide (Testa and Jenner, 1981; W ilkinson and M urray, 1984; M urray, 1987), and 
others include m acro lide a n tib io tic s  (eg, e ry th rom yc in  and tria ce ty lo leandom yc in ), 
amphetam ines and ce rta in  hydrazines (M urray, 1987).
The second type o f in d ire c t in h ib itio n  involves the irreve rs ib le  cova len t 
binding o f the m e tab o lite  to the haem (eg, 1 -am ino-benzo triazo le  and 
a lly lisop ropy lace tam ide) or apoprote in (eg, carbon disulphide, parath ion, 
d ie thy lth ioca rbam a te  and ch loram phenicol). This in h ib itio n  occurs in a 'su ic ida l' 
manner, these agents norm a lly  bringing about the destruc tion  o f cytochrom e P-450 
(M urray, 1987; W ilkinson and M urray, 1984; Testa and Jenner, 1981).
1.6 THE IN TERACTIO NS OF IMIDAZOLES WITH C YTO CHRO M E P-450
By v ir tu e  o f th e ir  n itrogen -con ta in ing  ring system, various d e riva tives  o f 
im idazo le  (F igure 1.4a) and benzim idazole (F igure 1.4b) have been known fo r a long 
tim e  to bind w ith  high a f f in ity  to the haem o f cytochrom e P-450 (Schuster, 1985; 
Leibm an and O rtiz , 1973; L i t t le  and Ryan, 1982), both iri v itro  and jn  v ivo  systems. 
This has im p o rta n t pharm aco log ica l and tox ico log ica l consequences, since th is  type 
o f in te ra c tio n  may prove useful in therapeutics (M urray, 1987) or d e tr im e n ta l 
(W hiting e t a l., 1985; Van Tyle , 1984; K a to , 1986).
Figure 1.4
S truc tu ra l C r ite r ia  fo r Im idazole-B ind ing to  C ytochrom e P-450
S tru c tu re -a c tiv ity  studies have been carried  out by a number o f groups 
and i t  is now recognised tha t there are ce rta in  s tru c tu ra l fea tu res, which are 
im p o rta n t in governing the binding o f a given im idazole  to cytochrom e -P-450 
(M urray and Ryan, 1983a and b; L it t le  and Ryan, 1982; Rogerson e t a l., 1977; 
M urray, 1987; O rtiz  de M onte llano and Reich, 1986). These are:
(i) O vera ll lip o p h ilic ity  and m olecu lar shape (geom etry) o f the im idazo le  or 
benzim idazole.
( ii)  A s terica lly -access ib le  lone e lec tron  pa ir, which is required  fo r haem 
coord ination  and usually provided by the im idazo le  N^ and /o r N^ 
n itrogens.
A lip o p h ilic  substituen t in the 1 -o r 4 (5 )-pos ition  o f the im idazo le  ring . 
S ubstitu tion  in the 2-position  or 4 ,5 -d isubs titu tion  resu lts in weak binding. 
In the case o f the benzim idazoles, the s te ric  nature o f the 2 -pos ition  
substituen t is im po rtan t.
1.7 CONSEQUENCES OF IM ID A ZO LE-B IN D IN G  TO C YTO CHRO M E P-450
1.7.1 The Inhibition of MFO A ctiv ity
The p rim ary  consequence o f im idazole  or benzim idazole  binding to  
cytochrom e P-450 is the in h ib itio n  o f MFO a c tiv ity  (Leibm an and O rtiz , 1973; 
M urray, 1987; Testa and Jenner, 1981; O rtiz  de M onte llano and R e ich , 1986). This 
has been shown w ith  compounds such as the N ^-substitu ted  im idazo le  a n ti­
convulsant nafim idone (F igure 1.5a) (Rush et a l., 1987), the 4 ,5 -d isubs titu ted  H 2 - 
antagonist c im e tid in e  (F igure 1.5b) (Jensen and Gugler, 1985; Yee and Shargel, 1986; 
Bast et a l., 1984) and variously substitu ted  benzim idazoles, eg, n aph tho (l,2 -d ) 
im idazo le  and 2 -e thy lbenzim idazo le  (L it t le  and Ryan, 1982; M urray and Ryan, 1983a 
and b). But, w ith o u t doubt, the best documented examples are the a n tim y c o tic  N ^- 
substitu ted  im idazoles.
C H . - N  N * HCI
V 5,
Figure 1.5
(a) The Inh ib ition  o f Fungal C ytochrom e P-450-Dependent E rqos te ro l
Biosynthesis by N ^ -S ubstitu ted  Im idazoles
-----------------A t present, there  is a w ide range o f N ^-substitu ted  im idazo le  an ti fungal
agents. These are used as: (i) agrochem icals, eg, prochloraz (R iv ie re , 1983) and 
propioconazole (Vanden Bossche et a l., 1987), or ( ii)  drugs, eg, the  to p ic a l 
a n tim yco tics , m iconazole (D ak ta rin ) and c lo tr im a zo le  (Canestan), and the sys tem ic  
an tifu ng a l ketoconazole (N izo ra l) (F igure 1.6) (Vanden Bossche e t a l., 1984, 1987; 
Vanden Bossche, 1985; D 'A rcy  and Scot, 1978).
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lire  1.6 The M edical N ^-S ubstitu ted  Im idazole  A n tifunqa ls , C lo tr im a zo le ,
M iconazole and Ketoconazole
These drugs are believed to bring about the d isruption  o f fungal ce ll 
grow th  in one o f tw o ways. The f ir s t  involves the d ire c t in te ra c tio n  w ith  the fungal 
ce ll membranes (M aricha l e t a l., 1985; Vanden Bossche e t a l., 1984, 1984a). This 
occurs at re la tiv e ly  high concentra tions o f the im idazo le  (>1 0 “ ^M ) and causes severe 
a lte ra tio n s  in membrane phospholipid close-packing, f lu id ity ,  p e rm e ab ility  and the 
in h ib itio n  o f membrane-bound enzymes such as c h itin  synthetase (M aricha l e t a l., 
1985; Vanden Bossche, 1985; Vanden Bossche e t al*, 1983, 1984 and 1987). However, 
w ith o u t doubt, the most c lin ic a lly  re levan t mechanism is the in h ib itio n  o f e rgostero l
_ Q
biosynthesis, which can occur at im idazo le  concentra tions as low  as 10 M (Vanden 
Bossche et a l., 1983, 1984, 1984a, 1987; Vanden Bossche, 1985; Gadher e t a l., 1983; 
Henry and Sisler, 1984; Berg e t a l., 1986). I t  is now w e ll established th a t one o f the 
steps involved during the biosynthesis o f e rgostero l, an im p o rta n t fungal ce ll 
membrane component, is the cytochrom e P-450-dependent 14a -dem ethy la tion  o f 
lanostero l (F igure 1.7), which has been shown to  be m ediated by both m icrosom al 
(Vanden Bossche e t a l., 1983, 1984, 1984a; Henry and Sisler, 1984) and p u rifie d  
(Yoshida et a l., 1986; Yoshida and Aoyama, 1987) yeast cytochrom e P-450. The 
in h ib ition  o f th is step leads to deple tion o f e rgostero l and accum ula tion  o f 14a- 
m e thy l-s te ro ls , which have a de trim e n ta l e ffe c t on fungal ce ll membranes and leads 
to in h ib itio n  o f membrane-associated enzymes such as ATPase and cytochrom e 
oxidase (Vanden Bossche et a l., 1983, 1984; Vanden Bossche, 1985).
A n tifunga ls  such as ketoconazole, c lo trim a zo le  and m iconazole (Vanden 
Bossche et a l., 1983, 1984, 1984a, 1987) and the novel tr ia zo le , itraconazo le , 
(Vanden Bossche e t a l., 1987, 1986; Janssen and Vanden Bossche, 1986) have been 
shown to bind to  yeast cytochrom e P-450. These compounds in h ib it the binding o f 
carbon monoxide to yeast m icrosomes, y ie ld  ty p ic a l type II d iffe re n ce  spectra  w ith  
oxidised yeast m icrosomes and in h ib it lanostero l 14a-dem ethylase a c t iv ity  o f 
m icrosom al and pu rified  yeast cytochrom e P-450.
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F igure  1.7 C ytochrom e P-450-Dependent Lanostero l 14a -D em ethy la tion
fl
N
Xs
O O
C H 3
N N
N —C H —C H 2 —C H 3
Itraconazole
(b) The Inh ib itio n  o f M am m alian MFO A c t iv ity
The in te ra c tio n  o f these im idazoles is by no means re s tr ic te d  to fungal 
cy tochrom e P-450, since binding to  s im ila r preparations from  p lan t and an im al 
(m am m alian) ce lls has been dem onstrated (Vanden Bossche e t a l., 1984, 1987; 
Vanden Bossche, 1985). C e rta in ly , m iconazole, c lo tr im a zo le  and ketoconazole  have 
been shown to e lic it  type II spectra l pertu rba tions w ith  hepatic  and e x tra h e p a tic  
(adrenal) m icrosom al or m itochondria l preparations fro m  various anim al species 
(Schuster, 1985). In add ition , the inh ib ition  o f various hepatic m icrosom al 
cytochrom e P-450 MFO a c tiv it ie s  have been reported  (N iem egeers e t a l., 1981; 
Lavrijsen  e t a l., 1987; M ered ith  e t a l., 1985; Sheets and Mason, 1984; Sheets e t a l., 
1986). C u rre n tly , the p rinc ipa l th rus t o f research is in the design o f a n tim yco tic s  
which e xh ib it funga l-se lec tive  to x ic ity  (Berg e t a l., 1986). This is o f p a r t ic u la r  
im portance  when the agents are adm inistered sys tem ica lly , eg, ketoconazole  and 
itraconazo le  (Vanden Bossche, 1985, 1987; Vanden Bossche e t a l., 1986). H ow ever, 
the fo rm e r has been shown to  be a broad-spectrum  in h ib ito r o f both m icrosom al and 
m itochond ria l cytochrom e P-450-dependent m am m alian MFO a c tiv ity ,  eg, s te ro id  
b iosynthesis in ra t tes tis  (Kan e t a l., 1985) adrenals, kidneys (Loose et a l., 1983) and
liv e r (P rincen e t a l., 1986). In man, the ora l a dm in is tra tion  o f ke toconazole  has 
been shown to  decrease serum and sa liva ry  levels o f testosterone (Schurm eyer and 
Nieschlag, 1982), due to the in h ib itio n  o f te s tic u la r m icrosom al cytochrom e P-450 
17,20 desmolase (Higashi e t a l., 1987; Z e lle r and Engelhardt, 1985; R a jfe r et a l.,
1986). C u rre n tly , i t  is considered th a t ketoconzole  may prove ben e fic ia l in the 
tre a tm e n t o f androgen-dependent p ro s ta tic  cancer (DeCoster e t a l., 1986; C ontreras 
et a l., 1985) and Cushing's syndrome (C ontreras e t a l., 1985; Oates and Wood, 1987). 
In con tras t, itraconazo le  does not read ily  in h ib it these reactions (Vanden Bossche et 
a l., 1985) and is proving to be a m ore spec ific  an tifunga l than ketoconazole  (Vanden 
Bossche et a l., 1986; Vanden Bossche, 1987).
1.7.2 The Induction of Cytochrome P-450
As a secondary consequence o f the in v ivo im pa irm en t o f MFO a c tiv ity ,  a 
number o f in h ib ito rs  are known to bring about the induction  o f cytochrom e P-450 in 
a biphasic manner (Conney, 1967; Parke, 1979); an early phase o f in h ib itio n , fo llow ed  
by a phase o f induction , as the inducer is cleared by ox ida tive  (phase I) m etabo lism . 
The N ^-subs titu ted  im idazoles, nafim idone (Rush e t a l., 1987), N -phenylim idazo le  
(M urray e t a l., 1985), m iconazole, ketoconazole  (Lavrijsen  e t a l., 1986) and 
c lo trim a zo le  (Kahl e t a l., 1980) have been shown to  be inducers o f a num ber o f 
cytochrom e P-450-dependent MFO a c tiv it ie s .
1.7.3 Oxidative Activation to Reactive Intermediates
As a resu lt o f binding to cytochrom e P-450 and subsequent N A D P H - 
dependent ox ida tive  m etabolism , an im idazole  or benzim idazole may be a c tiva te d  to 
reac tive  in term edia te (s), which can bind to ce llu la r m acrom olecules and in it ia te  
d e trim e n ta l ce llu la r m utagenic and carcinogenic events. W ithout doubt, the best 
example is the 1 ,2 ,4 ,5-substitu ted  benzim idazole, 2 -am ino -3 -m e thy lim idazo (4 ,5 -f)- 
quinoline (IQ) and its  m ethy la ted  analogues, m e thy l IQ (MelQ) and MelQx (F igure
1.8). These compounds are p ro te in  pyro lysate  products and have been detected in 
foods subjected to  high tem pera tures during cooking (Springharn et a l., 1980; Fe lton  
e t a l., 1984; Barnes and W eisburger, 1985; Fe lton and Healy, 1984). I t  has also been 
reported  tha t IQ is also carcinogenic, g iving rise to  tum ours at a number o f sites 
(Ohgaki e t a l., 1984; W eisburger e t a l., 1986). These benzim idazoles have been 
shown to  be h ighly m utagenic in the Am es/Salm onella  assay (K a to , 1986) and to 
require  a c tiva tio n  by both m icrosom al and cy toso lic  fra c tion s  (Abu-Shakra e t a l., 
1986, 1987). In m icrosomes, the p rinc ipa l mechanism o f a c tiva tio n  is cytochrom e P- 
450^-dependent N -hyd roxy la tion  of the amino group (K a to , 1986; Yam azoe e t a l., 
1983, 1984). The N -hydroxy in te rm ed ia te  is believed to undergo fu r th e r m etabolism  
to the u ltim a te  mutagen (Nagao e t a l., 1983), although may its e lf  bind read ily  to 
DNA (K ato , 1986). In most cases, however, the phase I m etabolism  o f im idazoles 
leads to deac tiva tion , the products being conjugated. As examples, the N ^-
substitu ted  im idazole  a n tim yco tics , econazole (M idgley e t a l., 1981) and 
ketoconazole (Heel, 1982), im idazo le  its e lf  (M arriagg i e t a l., 1973) and the 
hypoglycaem ic agent, m idag lizo le  (Nakaoka and Hakusui, 1987).

CHAPTER 2
THE SOLUBILISATION, ISOLATION, P U R IF IC A TIO N  AND CHA RACTERISATIO N
OF RAT HEPATIC MICROSOMAL CYTOCHROM E P-448 (P-450 )c
P-450 (P -450^ AND NAD PH -C YTO C H R O M E P-450 REDUCTASE
2.1 CYTO CHRO M E P-450 NOM ENCLATURE
The p u rified  cytochrom es P-448 and P-450 m entioned herein have been 
characterised as the p rinc ipa l isoenzymes present in male W istar a lbino ra t hepatic 
m icrosomes, a fte r  p re trea tm e n t w ith  3 -m ethy lcho lanth rene  and phenobarb ita l 
respec tive ly . As such 'cytochrom e P-448' is equiva lent to  P-450c (Ryan et a l., 1982) 
and 'phenobarb ita l-cytochrom e P-450' is equ iva lent to  P-450^ (Ryan e t a l., 1982). I t  
must be pointed out, however, th a t the above authors employed the Long-Evans ra t 
s tra in  as a source fo r the p u rified  haem oproteins. W ithout a d ire c t com parison of 
the preparations, i t  cannot be unequivoca lly assumed tha t these prote ins are the 
same. Nevertheless, the term s have been used in order to  m a in ta in  the co n tin u ity  o f 
nom enclature. Unless otherw ise stated, the te rm  'C ytochrom e P-450' re fe rs  to the 
to ta l fa m ily  o f cytochrom e P-450 pro te ins, nam ely those belonging to  the 
phenobarb ita l-, p o lycyc lic  a rom a tic  hydrocarbon-, e thano l- and pregnenolone-16a- 
ca rb on itrile - ind u c ib le  sub-fam ilies o f cytochorm e P-450, e tc.
2.2 IN TR O D U C TIO N
The p rin c ip a l ch a rac te ris tics  o f the m icrosom al m ixe d -fu nc tio n  oxidase 
system have now been a ttr ib u te d  la rge ly  to  the m u lt ip lic ity  o f the te rm in a l e lec tron  
acceptor, cytochrom e P-450 (Lu and West, 1980; Guengerich, 1979). I t  has been 
known fo r a long tim e  tha t in order to  study the fundam enta l aspects o f th is  drug 
m etabo lis ing  system, homogeneous preparations o f pure haem oprote in are necessary 
(Guengerich, 1979). To th is end, a number o f 'isoenzymes' o f cy tochrom e P-450 have 
been p u rified  to  e le c trop h o re tic  hom ogeneity em ploying conventiona l column 
chrom atography techniques (Guengerich, 1977, 1978, 1979; Guengerich and M a rtin , 
1980; Guengerich £ t  ah, 1982; Ryan et a l., 1979; Backes et a l., 1985) and more 
re ce n tly , by high pressure liqu id  chrom atography (HPLC) procedures (Bornheim  and 
C orre ia , 1986; Funae and Imaoka, 1985; Bansal e t a l., 1985). To date, the p rinc ipa l 
sources o f these prote ins have been ra t and ra b b it hepatic m icrosomes (Lu and West, 
1980; N ebert and Negishi, 1982), although renal, pulm onary and in te s tin a l 
haem oproteins have also been under investiga tion  (W olf et al., 1980, Kusunose et a l., 
1981; Kaku et a l., 1985).
M icrosom al cytochrom es P-450 leve ls are norm a lly  enhanced before 
p u r if ic a tio n , by the system ic adm in is tra tion  o f inducing agents such as phenobarb ita l 
(Backes et a l., 1985; Ryan et al., 1982; Guengerich et a l., 1982), 3-
m ethy lcho lanth rene  (Ryan et a l., 1979), p regneno lone-16a-carbon itrile  (E lshourbagy 
and Guzelian, 1980), isosafro le  (Ryan et al., 1982), ethanol (Ryan et a l., 1984) and 
c lo fib ra te  (Tam burin i e t a l., 1984). A number o f (co n s titu tive ) cytochrom es P-450 
have also been p u rified  from  the con tro l or uninduced sta te  (Schenkman et a l.,
1987).
Once p u rifie d , the haem oproteins are characterised on the basis o f 
spectra l, c a ta ly t ic , im m uno log ica l, ca rboxy l- and am ino-te rm ina l amino acid 
sequence c r ite r ia  (Waxman, 1986; Guengerich e t a l., 1982; Ryan e t a l., 1982). Now 
w ith  the advent o f m olecular b io logy, the com plete  amino acid (or nucleo tide) 
sequences o f these haem oproteins can be determ ined (Song e t a l., 1986; Sogawa et 
al., 1985; Haniu et al., 1986; Suwa et a l., 1985; Ozols, 1986; Gonzalez e t a l., 1985). 
These techniques and the ensuing sequence homology studies have lead to  the 
rea lisa tion  tha t the cytochrom e P-450 prote ins are the trans la tion  products o f a 
supe r-fam ily  o f genes (N ebert and Gonzalez, 1985; N ebert e t al., 1987). In term s of 
Phase I xenob io tic  m etabolism , tw o  of the most w e ll documented gene fa m ilie s  are 
those encoding fo r the phenobarb ita l-induc ib le  cytochrom es P-450 (P-450 IIB gene 
fa m ily ) and the po lycyc lic  a rom a tic  hydrocarbon (P A H )-inducib le  cytochrom es P-448 
(P-450 I gene fa m ily ). Therefore  the aim o f the present study was to :
(a) Solubilise, separate and p u r ify , to  e le c trop h o re tic  hom ogeneity, the 
p rinc ipa l hepatic m icrosom al cytochrom es P-450 from  m ale W istar albino 
ra ts  a fte r  p re trea tm e n t w ith  phenobarb ita l or 3 -m ethy lcho lanth rene.
(b) C haracterise  these haemoproteins on the basis of c a ta ly t ic , spectra l, 
e le c trop h o re tic  and im m unological c r ite r ia .
(c) To prepare po lyclonal antibodies to  the p u rifie d  3 -m e thy lcho lan th rene- 
inducib le  cytochrom e P-448 (P-450c).
2.3 M ATERIALS
Sepharose 4B, DEAE-Sephacel, CM Sepharose C L -6 B, 2 ',5 '-ADP-agarose 
and a ll colum n f it t in g s  were obta ined fro m  Pharm acia L im ite d  (M ilto n  Keynes, UK). 
H yd ro xy la pa tite  B ioge l-H TP  (B iorad Labora to ries , W atfo rd , UK), cyanogen brom ide 
(Eastman Kodak Company, Rochester, USA), 1 ,8-d iam inooctane and 2 '-A M P  (Sigma 
C hem ica l Company L im ite d , Poole, D orset, UK) were a ll purchased.
A cry la m id e  (e lec tran , Grade I), g lyc ine , sodium azide, 
e th y le n ed ia m in e te tra -a ce ta te  (EDTA), am m onium  ace ta te , ace ty lace tone , agarose 
23, cup ric  su lphate, magnesium ch lo ride , sodium hydrogen carbonate, sodium 
carbonate, c i t r ic  acid, potassium -sodium  ta r tra te , sodium d ith io n ite , phenoba rb ita l- 
sodium, T rito n  X -100, g lyce ro l, F o lin -C ioca lte au  phenol reagent, p ro te in  m o lecu la r 
w e igh t m arker k it  ( fo r  gel f i l t r a t io n  work), d im ethy lsu lphoxide , d im e th y lfo rm a m id e  
(spectrosol grade), brom ophenol blue, ge la tine  (B ritish  Drug Houses L im ite d , Poole, 
D orset, UK), sodium cho la te , sodium deoxycholate , d ith io th re ito l (DTT), f la v in  
adenine m ononucleotide (FM N), T ris  b u ffe r, N AD PH , bovine serum album in ( fra c tio n  
V, 96% lip id -fre e ), la u ry l sulphate, N ,N ,N ',N '-te tra m e th y le th y le n e -d ia m in e  
(TEM ED), Coomassie blue R-250, am m onium  persulphate, L -a -d ila u ry l-  
phosphatidy lcho line , o rtho-phenylened iam ine  (OPD), N ,N '-m e th y le n e -b is -ac ry la m id e , 
agar, Tween 20, HEPES b u ffe r, phenylm ethylsu iphonyl f lu o r id e , cy toch rom e c 
(equine), 20 -m ethy lcho lan th rene  (3 -m ethy lcho lan th rene), 3,3,-d iam inobenzid ine  
(Sigma C hem ica l Company, Poole, D orse t, UK), 7 -e thoxycoum arin  and 7- 
hydroxycoum arin  (A ld r ic h  C hem ica l Company, G illingham , D orse t, U K), re so ru fin  
sodium sa lt, 7 -e thoxyreso ru fin , 7 -pen toxyreso ru fin , 7 -benzy loxyreso ru fin  (M o lecu la r 
Probes Inc, Junction  C ity , OR, USA), BCG vaccine (G laxo, G reenfo rd , U K ) and 
n itroce llu lose  f i lte rs  (0 .43pm ) (Anderm an and Company L im ite d , K ingston, Surrey, 
U K) were a ll purchased fro m  the sources ind ica ted .
Ion -exchange-purified  donkey anti-sheep, donkey a n ti- ra b b it, peroxidase- 
labe lled  donkey anti-sheep and donkey a n ti- ra b b it im m unoglobulins were a ll kind 
g if ts  o f Guildhay A n tise ra  L im ite d  (G u ild fo rd , Surrey, U K), as were sheep and ra b b it 
peroxidase anti-peroxidase (PAP) complexes and non -u lce ra tive  Freund's incom ple te  
adjuvant. Polystyrene 96-w ell ELISA plates were obtained from  A lpha Labora to ries 
(Southam pton, Ham pshire, UK). Both benzphetam ine-H C l (Upjohn Company, 27100 
le Vaudre il V ille , V a ive lle , France) and ra b b it an ti-cy toch rom e P-430^ antisera  (D r 
G G Gibson, U n ive rs ity  o f Surrey) were kind g ifts  o f the sources m entioned, as was 
Emulgen 911 (KAO  A tlas  Co, Tokyo, Japan). A ll o ther chem icals, substrates, 
co fac to rs  and reagents were obtained fro m  com m erc ia l sources at the best 
obta inable  grades.
F in a lly , visking d ia lysis tubing o f size S-24/32" was obta ined fro m  
M ed ice ll In te rn a tion a l L im ite d  (London, UK) and was boiled three tim es in d is tille d  
w ater before use.
2.4 METHODS
2.4.1 The Preparation of Column Chromatography Media
8 -A m in o o c ty l Sepharose 4B
Sepharose 4B (400m l) was coupled to 1,8 d iam inooctane (lOOg) using the 
cyanogen brom ide a c tiva tio n  method o f Cuatrecasas (1970). The prepared a f f in ity  
m a tr ix  was rinsed w ith  6 l it re s  o f 50mM Na2 C O ^/N aH C O ^ b u ffe r, pH 10, in a 
sin tered glass funnel. This washing step was fo llow ed w ith  6 -8  l it re s  o f d is tille d  
w a te r and 2.3 litre s  o f p u r if ic a tio n  s ta rtin g  b u ffe r: 0.1M potassium -phosphate 
b u ffe r, pH 7.25, conta in ing  20% (v /v ) g lyce ro l, Im M  DTT, Im M  EDTA and 2yM  
FM N. The above quan tities  o f m a trix  were enough fo r  tw o (2.6 x 35cm) columns.
H yd ro xy la pa tite : B ioqe l-H TP
Bioge l-H TP  ca lc ium  phosphate adsorption medium was prepared by 
suspending the required am ount o f powdered m a trix  in fo u r volumes o f s ta rtin g  
b u ffe r ( lg  o f dried powder swells to  3.0m l). The suspension was gen tly  sw irled, 
w ith o u t vo rtex ing  or any v io le n t m ix ing  procedure. A f te r  a llow ing to  s e ttle , the 
s low ly sedim enting 'fines ' were decanted. This was ca rried  out 2-4 tim es, each tim e  
rep lacing the decanted b u ffe r w ith  fresh b u ffe r. The suspension was le f t  standing 
overn igh t (8-12°C ). The decanting procedure was subsequently repeated (2-3 tim es) 
and the medium  was judged to  be ready fo r pouring in to  the colum n apparatus.
Ion Exchange Media
D e ta ils  o f the procedures involved can be obtained fro m  the Pharm acia  
bookle t 'Ion Exchange Chrom atography - P rinc ip les and Methods'. In b r ie f, the 
required volume o f medium was in it ia lly  washed w ith  d is tille d  w a te r (3 litre s ) to  
rem ove the counter-ion  and ethanol present, em ploying a sin tered glass funnel. The 
washed suspensions were then a llowed to  stand in an excess volume o f 0.4M 
potassium-phosphate b u ffe r (pH 7.40) overn igh t. This allows any residua l co un te r­
ions, eg, Cl~, present to be replaced by phosphate ions. The next step invo lved 
washing w ith  an add itiona l 300ml o f the above b u ffe r. The media were then 
subsequently washed w ith  1 l i t r e  o f 5mM potassium-phosphate b u ffe r (pH 7.40) 
fo llow ed  by the same b u ffe r conta in ing 20% (v /v ) g lyce ro l and 0.2% (v /v ) Emulgen 
911 (1 l it re ) .  Fo llow ing  resuspension o f the medium in a f in a l volum e o f s ta rtin g  
b u ffe r (250m l),it was subsequently poured c a re fu lly  in to  the colum n apparatus.
2',5I-AD P  Agarose A f f in i t y  Medium
The com m erc ia lly  availab le , pre-sw ollen , medium was resuspended in the 
required b u ffe r and poured d ire c tly  in to  the column apparatus. A f te r  
chrom atography, the medium was washed thoroughly w ith  reductase e lu tion  b u ffe r 
and d is tille d  w a ter, in order to remove 2 '-AM P, the medium was re -e q u ilib ra te d  fo r 
fu r th e r use and stored in 20% (v /v ) g lyce ro l, 0.02% (w /v) azide at 4°C .
B u ffe r Components Employed During P u rifica tion s  o f M icrosom al P ro te ins
The bu ffe rs  prepared throughout the p u rifica tio n s  conta ined a number o f 
components, which were found necessary to  m a in ta in  the desired hepatic 
m icrosom al pro te ins in a fu lly  ac tive  s ta te . G lyce ro l (20-25% v /v ) was employed in 
order to prevent the conversion o f cytochrom es P-450 to  P-420. The non-ion ic 
de te rgen t Emulgen 911 (0.1-1.0% v /v ) was included in order to  p reven t the 
aggregation o f the post-solubilised m icrosom al pro te ins. F lav in  adenine 
m ononucleotide (FMN) and phenylm ethylsu lphonyl flu o ride  (PMSF) were used to  
m a in ta in  the c a ta ly tic  in te g r ity  o f N A D P H -cytochrom e P-450 reductase. The la t te r  
is known to be a serine protease in h ib ito r, w h ile  the fo rm e r is known to reverse any 
fla v in  d issociation from  the pro te in . Both bu ty la ted  hydroxyto luene (BHT) and 
e th y lened iam ine -te tra -ace ta te  (EDTA) were o ften  employed in bu ffe rs , in o rder to 
prevent the deactiva tion  o f m icrosom al pro te ins by peroxida tive  mechanisms. 
F in a lly , d ith io th re ito l (DTT) was used since its  p roperties o f m a in ta in ing  su lphydry l 
groups in the reduced sta te  has been w e ll documented.
The Use o f Continuous L inea r G rad ien t Systems D uring  Colum n C hrom atography o f
M icrosom al P ro te ins
In order to  dete rm ine  the concen tra tion  o f com peting ions at any stage o f 
the e lu tion  procedure the fo llo w in g  equation was employed:
C = C - C. r ' a b . v + C._ _ _ _ _ _ _  b
V
V = combined volumn o f both reservo irs  (litre s )
C fa = in it ia l concen tra tion  o f com peting ion in m ixing rese rvo ir (m o le s /litre )
C = m axim al concen tra tion  o f com peting ion in the grad ien t (m o le s /litre )
a
C = concen tra tion  o f the com peting ion in the colum n a fte r  the e lu tion  o f v
litre s  o f b u ffe r through the column.
This method a llowed only an es tim a tion  o f the b u ffe r ion ic  s trength , since 
su itable co nd u c tiv ity  m eters were not availab le .
2.4.2 The Purification of Cytochrome P-450 of Hepatic Microsomes
From 3-Methylcholanthrene-Induced Rats
The m ethodology employed is based on th a t o f Guengerich and M a rtin  
(1980) w ith  the m od ifica tions  in troduced by Tam burin i e t a l., (1984). A ll steps were 
e ith e r carried  out on ice or a t 8 -12°C ; column m atrices were p ro tec ted  from  lig h t 
as much as possible (F igure 2.1).
A nim als and A n im a l P re tre a tm e n t
F o rty  male W istar albino ra ts  (130-150g) were obtained fro m  the A n im a l 
Breeding U n it (U n ive rs ity  o f Surrey). The induction  o f hepatic m icrosom al 
cytochrom es P-448 was achieved by in tra pe rito n ea l adm in is tra tion  o f 3-
Figure 2.1
Strategy fo r the P u r if ic a tio n  o f C ytochrom e P-448 From
H epatic  M icrosomes o f Rats P re trea ted  w ith  3 -M ethy lcho lanth rene
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m ethy lcho lanth rene  (20m g/kg) in corn o il, da ily  fo r  three consecutive days. A nim als 
were k ille d  by ce rv ica l d is location  on the fo u rth  day, 24h a fte r the las t in je c tio n  o f 
the inducing agent. Throughout the dosing procedure animals were m ainta ined at 
45-55% h um id ity , w ith in  a 12h lig h t/d a rk  cyc le  and allowed tap w a te r and food (D ie t 
Lab 1, Labsure, Lavender H il l,  Cam bridgeshire, UK) ad lib itu m .
The P repara tion  o f M icrosom al Suspensions
L ive rs  o f the sacrifice d  animals were im m ed ia te ly  excised and rinsed w ith  
1.15% (w /v) KC1 and perfused to remove excess blood, w ith  0.9% (w /v) N aC l. Fa t 
was also removed from  the preparations. Throughout these procedures a ll tissue was 
m ainta ined on ice. L ive rs  were subsequently pooled and weighed (400g). The 
combined liv e r  p repara tion  was then scissor m inced and homogenised in 3 volumes of 
ice -co ld  0.25M sucrose using a m o tor driven P o tte r-E lveh jem  glass te flo n  
homogeniser. The homogenate was adjusted to  25% (w /v) by the add ition  o f 0.25M 
sucrose and cen trifuged  at 12,000 g (11,000 rpm ) fo r 20 m inutes using a 6 x 250ml
3  V
alum in ium  angle-head ro to r in an M5E H518 ce n trifu g e . The supernatant was 
decanted o f f  s low ly and stored on ice u n til required fo r u ltra c e n tr ifu g a tio n . The 
pe lle ts  were resuspended in 0.25M sucrose and respun at 12,000 ggv. The supernatant 
form ed from  th is  second spin was combined w ith  th a t o f the f irs t .
Spinning o f the combined supernatants involved using a Beckman LS-65 
u ltra c e n tr ifu g e  w ith  a T i-45  ro to r (6  x 94ml tita n iu m  angle head ro to r). The 
prepara tion  was spun fo r 90 m inutes at 35,000 rpm . The resu ltan t supernatant was 
discarded and the rem ain ing pe lle ts resuspended by hand hom ogenisation in Sato 
b u ffe r: lOOmM potassium-phosphate bu ffe r, pH 7.25, conta in ing  20% (v /v ) g lyce ro l, 
Im M  EDTA, 2pM FM N, Im M  DTT, 20yM  BHT and O .lm M  PMSF. Resuspension was 
such th a t the f in a l m icrosom al p repara tion  had a concentra tion  o f 48.5mg o f 
m icrosom al p ro te in /m l (1.6g liv e r/m l) . This was stored as 6 x 40m l a liquots a t 
-8 0 °C .
The S o lub ilisa tion  o f M icrosom al Prote ins
M icrosom al suspension (75.0m l) was d ilu ted  to give a fin a l p ro te in  
concen tra tion  o f lOmg p ro te in /m l w ith  Sato bu ffe r. The so lub ilisa tion  procedure 
was ca rried  out w ith  1.8% (w /v) sodium cholate (4°C ) under an a tm ospheric pressure 
of oxygen-free  n itrogen  fo r  lh .
The procedure involved gassing o f the d ilu ted  m icrosom al suspension w ith  
n itrogen fo r 10 m inutes w ith  gentle s tirr in g  on ice. Sodium chola te  was slow ly 
added as a 20% (w /v) stock so lu tion , in Sato b u ffe r, to the required  fin a l 
concen tra tion  (1.8% w /v). Non-solubilised m a te ria l was removed as a p e lle t by 
c e n trifu g a tio n  fo r 90 m inutes at 35,000 rpm . The solubilised supernatant was 
d ilu ted  w ith  Sato b u ffe r to give a fin a l sodium cholate concen tra tion  o f 0.70% (w /v). 
The p repara tion  was now ready fo r column chrom atography on n -oc ty lam ine  
Sepharose 4B a f f in ity  m a trix .
8 -A m in o oc ty l Sepharose 4B A f f in ity  Column Chrom atography
D ilu ted  solubilised m icrosom al suspension (supernatant) was loaded 
equally between two columns of 8 -am inoocty l Sepharose 4B. The to ta l amount 
loaded comprised 3000nmols o f cytochrom e P-450. The columns (dimensions o f 2.8 x 
38cm) were equ ilib ra ted  w ith  3 bed volumes o f b u ffe r: lOOmM phosphate b u ffe r, 
pH7.25, conta in ing 20% (v /v ) g lycero l, Im M  EDTA , 2pM  FM N, Im M  d ith io th re ito l,  
20 jjM  BHT, O .lm M  PMSF and 0.7% (w /v) sodium cholate . The typ ica l flo w  rates 
employed were 25-30m l/h and upon loading a dark band was seen to  fo rm  at the top 
o f the m a trix . Unbound cytochrom e P-450, P-420 and membrane lip ids were e lu ted 
w ith  the above b u ffe r conta in ing 0.42% (w /v) cholate. The absorbance at 417nm, 
due to  haem, was con tinua lly  m onitored at a ll stages. Once the 417nm absorbance 
was zero, bound cytochrom e P-450 was e luted w ith  Sato b u ffe r conta in ing  0.33% 
(w /v) cholate  and 0.08% (v /v ) Emulgen 911. Only those tubes exh ib iting  absorbances
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Figure 2.2
The L lu tio n  o f C ytochrom e P-448 from ;
(a) N -Q cty lam ine  Sepharose 4B; (b) DEAE-Sephacel
at 417nm g rea te r than one th ird  o f the peak m axim um  height were pooled (F igure 
2.2a). For each colum n tw o cytochrom e P-450 fra c tio n s  were obta ined: Column I 
(fra c tio ns  1^  and and Column II (frac tions  11-^  and I ^ ) .  These were stored 
unconcentra ted a t -80°C .
N A D P H -cytochrom e P-450 reductase was then e lu ted using 50mM 
potassium-phosphate b u ffe r, pH7.25 conta in ing 25% (v /v ) g lyce ro l, 0.35% (w /v) 
sodium cholate and 0.15% (w /v) sodium deoxycholate. The e luate was 
continuously m onitored fo r cytochrom e c reductase a c t iv ity .  The fra c tion s  e luted 
(11^  and 11 )^ were stored at -80°C  and were not fu r th e r p u rified .
D ie thy lam ino  E thy l (DEAE)-Sephacel Anion Exchange Chrom atography
The p rinc ipa l cytochrom e P-450 fra c tion s  (Ij, and 11 )^ from  
chrom atography on Sepharose 4B were concentra ted, combined (fin a l volume 
100ml, conta in ing 1680nmols o f cytochrom e P-450) and dialysed against 2 x 25 
volumes o f 5mM phosphate bu ffe r, pH7.40, conta in ing  20% (v /v ) g lyce ro l and 
0.20% (v /v ) Emulgen 911. D ia lysis was ca rried  out over a 48h period in the dark 
(8-12°C).
C ytochrom e P-450 (lOOOnmoles) was subsequently loaded onto a single 
DEAE-Sephacel column (2.6 x 38cm, 15m l/h) which had been previously 
equ ilib ra ted  w ith  2 bed volumes o f the above dia lysis b u ffe r. Bound cytochrom e 
P-450 was subsequently e luted w ith  a discontinuous step-w ise phosphate g rad ient 
(5mM-300mM) at pH7.4 in the presence o f 20% (v /v ) g lyce ro l and 0.20% (v /v ) 
Emulgen 911. The eluate was continuously m onitored at 417nm, and on the basis 
o f extensive SDS-polyacrylam ide gel e lectrophoresis th is e luate was pooled in to  a 
number o f fra c tion s ; D EAE-20m M ^,-20m M g,-40m M  and-60mM (F igure 2.2b). The 
la t te r  two frac tions  were combined and stored at -80°C . 20mMA and 20mMg
fra c tio n s  were also stored at -8 0 °C ,b u t only the la t te r  was deemed to be 
e le c tro p h o re tic a lly  homogeneous. Both DEAE-40/60m M  and 20mMA e xh ib it both 
high and low  m o lecu lar w e ight contam inants. DEAE-20m M g fra c tio n  was ready 
fo r the rem ova l o f Emulgen 911 by adsorption chrom atography on h yd roxy lapa tite  
(Section 2.4.4).
2.4.3 The Purification of Cytochrome P-430^ and NADPH Cytochrome
P-450 Reductase (Fp-p) of Hepatic Microsomes from Phenobarbital
Pretreated Rats
The m ethodology employed fo r the p u r if ic a tio n  o f N A D P H -cytochrom e 
P-450 reductase or Fp-j- (EC 1.6.2.4) is based on th a t o f Yasukochi and Masters 
(1976). The p u r if ic a tio n  o f phenobarb ita l-cy toch rom e P-450 (P-450^) invo lved a 
com bination  o f chrom atography on h yd roxy lapa tite  and ca rboxym ethy l (CM) 
Sepharose C L -6 B and was a by-product o f the Fp-y- p u r if ic a tio n  (F igure 2.3).
Anim als and A n im a l P re trea tm en t
E ighty  male W istar albino ra ts  (200-250g) were obtained fro m  the 
A n im a l Breeding U n it (U n ive rs ity  o f Surrey). The animals were m ainta ined as in 
Section 2.4.2. Phenobarbital-sodium  was dissolved in d is tille d  w a te r and the 
so lu tion adjusted to pH 7.40 w ith  HC1. The animals received 0.1% (w /v) o f the 
drug in th e ir  d rinking w a te r fo r a period o f ten days. T w e n ty -fo u r hours a fte r  the 
las t day o f dosing a ll animals were k illed  by ce rv ica l d is location . The procedure 
fo r the prepara tion  o f liv e r homogenate and m icrosom al suspensions was as 
described in Section 2.4.2, although the to ta l w e ight o f tissue in th is case was 
1.45kg. The f in a l m icrosom al suspension had a concentra tion  o f 1.45g liv e r /m l 
and 32.5mg p ro te in /m l in lOmM T ris -H C l b u ffe r, pH 7.25, conta in ing 25% (v /v ) 
g lyce ro l, O .lm M  EDTA and O .lm M  d ith io th re ito l (DTT). The suspension was 
stored as 10 x 100ml a liquots a t -80°C  u n til required  fo r  so lub ilisa tion .
Figure 2.3
S trategy fo r the P u r if ic a tio n  o f Both N A D P H -C ytoch rom e P-450 
Reductase (FpA) and C ytochrom e P-450^ of  H epatic  M icrosomes 
from  P henobarb ita l-P re trea ted  Rats
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S olub ilisa tion  o f H epatic  M icrosom al P ro te in
The e n tire  prepara tion  o f m icrosomes m entioned above was solubilised in 
three separate experim ents. Each tim e  the m icrosom al suspension was d ilu ted  to a 
fin a l p ro te in  concen tra tion  o f 14.0mg p ro te in /m l and solubilised fo r  30 m inutes in 
the presence o f 0.3% (w /v) sodium cholate  and 1.0% (v /v ) Emulgen 911. A f te r  the 
rem oval o f non-solubilised p ro te in  (Section 2.4.2) the supernatant was ready fo r 
loading onto fou r DEAE-Sephacel columns (F igure 2.3).
DEAE-Sephacel Anion Exchange Chrom atography
P ost-so lub ilisa tion  supernatant was d ire c tly  loaded onto fou r DEAE- 
Sephacel columns (2.6 x 38cm) which had previously been egu ilib ra ted  w ith  2 bed 
volumes of lOmM T ris -H C l, pH7.25, conta in ing 23% (v /v ) g lyce ro l, 0.3% (w /v) 
sodium chola te , 1.0% (v /v ) Emulgen 911, O .lm M  EDTA and O .lm M  DTT. The 
columns were then washed w ith  an add itiona l 3 bed volumes o f the above b u ffe r, in 
order to remove unbound p ro te in . The e lu tion  o f cytochrom es P-450 and N A D H - 
cytochrom e b^ reductase (F p ^ ) was achieved by e lu ting  w ith  25mM T ris -H C l b u ffe r 
(pH 7.25) conta in ing  25% (v /v ) g lyce ro l, 1.0% (v /v ) emulgen 911, O .lm M  EDTA, 
O .lm M  DTT and 0.3% (w /v) sodium chola te . E luates were con tinua lly  m on ito red  at 
417nm. The A h a v i n g  reached zero, the column was then e lu ted w ith  5 bed 
volumes o f 150mM T ris -H C l bu ffe r, pH 7.25, conta in ing 25% (v /v ) g lyce ro l, 0.3% 
(w /v) sodium cholate , 1.0% (v /v ) Emulgen 911, O .lm M  EDTA and O .lm M  DTT in 
order to fu r th e r remove cytochrom e P-450. Most o f the cytochrom e P-450 loaded 
(65%) was e lu ted w ith  the 25mM b u ffe r, a t h igher ion ic strengths (150mM) p r im a rily  
cytochorm e P-420 was e luted.
N A D P H -cytochrom e P-450 reductase (75% o f tha t loaded) was e lu ted o f f  
the columns w ith  a continuous linea r KC1 grad ien t (0-350mM) in 150mM T ris -H C l, 
pH 7.25, conta in ing  25% (v /v ) g lycero l, 1.0% (v /v ) Emulgen 911, 0.3% (w /v ) sodium
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cho la te , O .lm M  EDTA and O .lm M  DTT. The grad ient was set up in a to ta l volum e o f 
3,000ml o f b u ffe r. F ractions were assayed fo r cytochrom e c reductase a c tiv ity  
(F igure 2.4). A t th is  po in t the eluates o f a ll fou r DEAE-Sephacel columns were 
pooled on the basis o f reductase a c tiv ity .  The fou r reductase pools, fro m  columns I- 
IV, were pooled fu r th e r and concentra ted to a fin a l volume o f 473m l and dialysed 
against tw o successive 3 l i t r e  volumes o f lOm M  potassium-phosphate b u ffe r, pH 7.7, 
conta in ing 25% (v /v ) g lyce ro l, 0.10% (v /v ) Emulgen 911, 0.02mM EDTA and 0.2mM 
DTT over a period o f 24h. The d ia lysate was then ready fo r  a f f in ity  chrom atography 
on ADP-agarcse.
N ^(6 -A m inohexyl)-Adenosine 2 ',5,-D iphosphate Sepharose 4B A f f in ity  Chrom atography 
(2',5' ADP-Agarose)
The dialysed reductase prepara tion, fro m  chrom atography on D EAE- 
Sephacel, was d ivided in to  3 equal volumes and loaded onto a single ADP-agarose 
(1.3 x 8.0cm) colum n. The column was generated 3 tim es, each tim e  being 
equ ilib ra ted  w ith  a t least 5 column volumes o f lOm M  potassium-phosphate b u ffe r, 
pH 7.7, conta in ing  25% (v /v ) g lyce ro l, 0.1% (v /v ) Emulgen 911, 0.02mM EDTA and 
0.2mM DTT. On loading w ith  reductase (30-40m l/h), an intense ye llow  band was 
seen to fo rm  at the top o f the column m a trix , w h ile  cytochrom e b^ was shown to  be 
e lu ted. On com pletion  o f the loading procedure, the column was washed w ith  25 
column volumes o f 200mM potassium-phosphate b u ffe r (pH 7.7) conta in ing  25% (v /v ) 
g lyce ro l, 0.1% (v /v ) Emulgen 911, O.OlmM EDTA and 0.2mM DTT. The e luate was 
continuously m onitored at 417nm as w e ll as fo r cytochrom e c reductase a c tiv ity .
The rem ain ing-bound-reductase was e luted w ith  lOmM potassium - 
phosphate b u ffe r (pH 7.7) conta in ing 25% (v /v ) g lyce ro l, 0.1% (v /v ) Emulgen 911, 
0.02mM EDTA, 0.2mM DTT and 0.7mM 2 '-AM P (F igure 2.5). The e luate was 
extensive ly m onitored fo r cytochrom e c reductase a c tiv ity  and was analysed by
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SD S-polyacrylam ide gel e lectrophoresis. The fra c tion s  obtained fro m  a ll three 
columns (I- III)  were considered e le c tro p h o re tica lly  homogeneous and were pooled 
fu rth e r to  rem ove Emulgen 911 on hydroxy lapa tite  (Section 2.4.4).
The F u rthe r P u r if ic a tio n  o f C ytochrom e P-450 by Adsorption C hrom atography on 
H yd ro xy la pa tite  (colum n I)
C ytochrom e P-450 e lu ted o f f  DEAE-Sephacel, during the washing step 
w ith  25mM T ris -H C l b u ffe r, was stored undialysed and unconcentrated at -80°C , 
u n til required  fo r fu r th e r p u r if ic a tio n .
C ytochrom e P-450 from  these wash fra c tion s  (7886nmols) was combined 
and concentra ted (fin a l volume 230ml). This was dialysed against 5 litre s  o f 5 mM 
potassium-phosphate bu ffe r, pH 7.40, conta in ing  20% (v /v ) g lyce ro l and 0.2% (v /v ) 
Emulgen 911 over an 18h period. H a lf o f the d ia lysate was loaded onto a single 
h yd roxy lapa tite  column (2.6 x 34.0cm) at a flo w  ra te  o f 20m l/h. The colum n had 
been previously equ ilib ra ted  w ith  2 bed volumes o f the above d ia lysis b u ffe r. A f te r  
loading, the column was washed w ith  3 bed volumes o f the same b u ffe r. Again the 
e luate  was continuously m onitored at 417nm. The bound cytochrom e P-450 was 
eluted w ith  a continuous linea r phosphate grad ient (5-200mM) at pH 7.4 in the 
presence o f 20% (v /v ) g lyce ro l and 0.2% (v /v ) Emulgen 911. The grad ien t was 
contained in 1.6 litre s  o f b u ffe r. Only those tubes having values g rea te r than
one th ird  o f the peak height were pooled (F igure 2.6a). Extensive SDS- 
po lyacry lam ide  gel e lectrophoresis o f the eluate revealed both high (>60.0Kd) and 
low  (<51.0Kd) m olecu lar w e ight contam inants. The cytochrom e P-450 pool ( to ta l o f 
2170nmoles) was concentra ted (fin a l volume 188ml) and dialysed against 5 litre s  o f 
5mM potassium-phosphate b u ffe r, pH 7.40, conta in ing  20% (v /v ) g lyce ro l and 0.2% 
(v /v ) Emulgen 911. Fo llow ing overn igh t d ia lysis the p repara tion  was deemed ready 
fo r  CM-Sepharose ca tion  exchange chrom atography.
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The E lu tion  o f C ytochrom es P-450 fro m :
(a) H yd roxy lapa tite  (colum n I) and
(b) CM-Sepharose C L -6 B
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C arboxym ethy l (CM)-Sepharose CL-6B C ation Exchange C hrom atography
A single column o f CM-Sepharose C L -6 B was employed (2.6 x 30cm) at a 
flo w  ra te  o f 25m l/h . The column was equ ilib ra ted  w ith  4 bed volumes o f the above 
d ia lysis b u ffe r. A f te r  loading, washing was achieved w ith  3 bed volumes o f the same 
b u ffe r; the A ^ ^ n m  was continuously m onitored. Bound cytochrom e P-450 was 
e lu ted w ith  a continuous linear KC1 gradient (0-200mM ), conta ined in 1.8 lit re s  o f 
the above dia lysis b u ffe r. Here, extensive SDS-polyacrylam ide gel e le c trop h o re tic  
analysis o f the eluate was essential. The to ta l e luate was d iv ided in to  tw o main 
frac tions  (C M -I and C M -II), both were devoid o f high m olecular w e ight (>60.0Kd) 
contam inants (F igure 2.6b). F rac tion  I was stored, unconcentra ted and undialysed, 
at -80°C . F rac tion  II ( to ta l o f 348nmoles o f P-450) was concentra ted (fin a l volume 
o f 8 8 m l) and dialysed against 57 volumes o f 5mM potassium -phosphate b u ffe r, pH 
7.40, conta in ing  20% (v /v ) g lycero l and 0.2% (v /v ) Emulgen 911. D ia lys is  was 
ca rried  out over a 1 2h period and the resu ltan t d ia lysate  was ready fo r loading onto 
a second hydroxy lapa tite  column.
The Resolution o f E le c trop h o re tica lly  Homogeneous C ytochrom e P-450^ on 
H yd roxy lapa tite  (column II)
A sm all column o f hydroxy lapa tite  (2.6 x 14.0cm) was used at th is  stage in 
the p u r if ic a tio n . E qu ilib ra tion  was carried  out w ith  6 bed volumes o f 5 mM 
potassium-phosphate b u ffe r, pH 7.40, conta in ing 20% (v /v ) g lyce ro l and 0.2% (v /v ) 
Emulgen 911. Having loaded the column (25-30m l/h), washing was achieved w ith  2-3 
bed volumes o f e qu ilib ra tion  bu ffe r. The e lu tion  o f bound cytochrom e P-450 was 
m onitored at 417nm and was achieved w ith  a continuous-linear phosphate g rad ien t 
(5-200mM), contained in 1.2 litre s  of equ ilib ra tion  b u ffe r (F igure 2.7). The e luate 
was pooled in to  two frac tions  (A and B) on the basis o f e le c trop h o re tic  analysis, 
fra c tio n  A (40-75mM phosphate) was deemed to be homogeneous. F ra c tio n  B (75- 
150mM phosphate) exh ib ited  a m ajor contam inant at 49Kd. Both fra c tion s  were 
stored at -80 °C ,bu t only the fo rm er was concentrated and prepared fo r Emulgen 911 
rem oval by hyd roxy lapa tite  column chrom atography (see Section 2.4.4),
K P O ^ M )
2.4.4 The Removal o f Emulgen 911 from Purified Hepatic Microsomal Proteins
The rem oval o f the non-ionic de tergent Emulgen 911 from  p u rifie d  
preparations o f cytochrom e P-450 or N A D P H -cytochrom e P-450 reductase, was 
achieved by adsorption chrom atography on hydroxy lapa tite  (Tam burin i e t a l., 1984). 
A ll procedures were ca rried  out at 8-12°C . Under the conditions em ployed, typ ica l 
yie lds were 45-75% on a nmol cytochrom e P-450 basis.
N A D P H -C ytochrom e P-450 Reductase (F~p j )
The reductase frac tions  (I-III) o f the ADP-agarose columns were pooled 
(fin a l volume 141ml) and d ire c tly  loaded, w ithou t d ia lysis or concen tra tion , onto a 
single hyd roxy lapa tite  column (2.6 x 8.0cm). The column had been previously 
equ ilib ra ted  w ith  5 bed volumes o f lOm M  potassium-phosphate b u ffe r, pH 7.7, 
conta in ing 25% (v /v ) g lyce ro l, 0.1% (v /v ) Emulgen 911, 0.02mM EDTA, 0.2m M  DTT. 
Loading was at 0.8mg p ro te in /m l resin. An intense ye llow  band was seen to  fo rm  at 
the top o f the column m a trix . The column was subsequently washed w ith  a t least 25 
bed volumes o f wash b u ffe r: lOmM potassium-phosphate, pH 7.7, conta in ing  only 
20% (v /v ) g lyce ro l. During the loading and washing steps the absorbances at 454nm 
(reductase) and 280nm (Emulgen 911) were continuously m onitored. Column washing 
was continued u n til A 2 ggnm approxim ated zero. The bound reductase was then 
e lu ted w ith  320mM potassium-phosphate bu ffe r, pH 7.70, conta in ing  20% (v /v ) 
g lyce ro l (F igure 2.8a). The pool o f pu rified  reductase was stored at -80°C .
C ytochrom e P-450 (P-450g)
E le c tro p h o re tica lly  homogeneous frac tions o f cytochrom e P-450 were 
concentrated to a fin a l volume o f 35-45ml and dialysed overnight against 25 volumes 
of lOm M  potassium-phosphate bu ffe r, pH 7.4, 20% (v /v ) g lycero l and 0.2% (v /v ) 
Emulgen 911. The d ia lysate  was loaded onto a single h yd roxy la p a tite
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colum n (2.6 x 4.0cm) a t a loading o f 0.14mg p ro te in  or 0 .5nm oles/m i o f resin. The 
column had been previously equ ilib ra ted  w ith  25 bed volumes o f the d ia lysis b u ffe r 
described above. Once bound, the Emulgen 911 was washed o f f  the haem oprote in  
w ith  lO m M  potassium-phosphate b u ffe r, pH 7.40, 20% (v /v ) g lyce ro l. Washing 
b u ffe r was passed through the column u n til A^ggnm approached zero. Bound 
cytochrom e P-450 was e lu ted w ith  320mM potassium-phosphate b u ffe r, pH7.40, 
conta in ing  20% (v /v ) g lyce ro l. The pooled e luate , conta in ing e le c tro p h o re tica lly  
homogeneous cytochrom e P-450,was concentra ted to 8.0m l and stored at -80°C  
(F igure 2.8b).
Cytochrom e P-448 (P-450^)
The procedure employed here was essentia lly  th a t used fo r cytochrom e 
P-450^ above. B r ie fly , DEAE-20m M g fra c tio n  was loaded d ire c tly , undialysed and 
unconcentra ted, onto a hyd roxy lapa tite  column (2.60 x 13.5cm) a t a loading of
0 .6m g/m l resin. The column had been previously equ ilib ra ted  w ith  10 bed volumes 
o f 20mM potassium-phosphate b u ffe r (pH 7.40) conta in ing 20% (v /v ) g lyce ro l and
0.20% (v /v ) Emulgen 911. The rem oval o f Emulgen 911 by e lu tion  w ith  the above 
b u ffe r (minus Emulgen 911) and the e lu tion  o f bound cytochrom e P-450 have been 
described previously. The pooled fra c tio n  , conta in ing  e le c tro p h o re tica lly  
homogeneous cytochrom e P-448 (F igure 2.8c), was concentra ted to 14.0m l and 
stored at -80°C .
2.4.5 The Storage of Purified Microsomal Proteins
A fte r  the rem oval o f Emulgen 911, p u rifie d  m icrosom al p ro te ins were 
rap id ly  d ivided in to  a liquots ( l-2 m l)  in 4.0m l freeze-d ry ing  via ls. The via ls were 
sealed w ith  a rubber septum, held in position w ith  a crim ped a lum in ium  cap. The 
v ia l contents were gen tly  gassed w ith  oxygen-free  n itrogen using tw o fin e  syringe 
needles inserted in to  the septum, to serve as a gas in le t and o u tle t. The gassed
via ls  were then stored at -80°C . A ll p u rifie d  prote ins were found to be stable 
in d e fin ite ly  under these conditions, even a fte r  repeated thaw ing and freez ing , w ith  
no conversion to cytochrom e P-420.
2.4.6 The U ltra filtra tio n  of Purified and Partia lly  Purified Microsomal Proteins
P urified  or p a r tia lly  p u rified  prepara tions were ro u tin e ly  concentra ted
e ith e r as an in teg ra l p a rt o f ongoing p u rifica tio n s , or to obta in pro te ins in a useable 
stock so lu tion . Fresh Am icon PM-30 d ia flo  membranes (nom inal exclusion c u t-o f f  
30,000 daltons) w ith  a d iam ete r o f 76mm, were ro u tine ly  used. These were placed 
in to  a standard Am icon U lt ra f i l t ra t io n  C e ll (model 9400, fu l l capac ity  o f 400ml). 
The chamber was f il le d  w ith  d is tille d ' w a te r and the instrum ent a ttached to  a 
n itrogen cy linder via high pressure tub ing. By applying a pressure o f 30psi, the 
w a ter was rap id ly  forced  through the membrane. Upon em ptying, the p ro te in  
prepara tion  was in troduced in to  the cham ber. U lt ra f i l t ra t io n  was accom plished at 
30psi on ice in the dark. Used membranes were washed w ith  1M NaOH and stored in 
10% (v /v ) ethanol a t 4°C , these were used a m axim um  o f three tim es. 
C oncen tra tion  o f volumes less than 30ml involved using an Am icon 8030 model ce ll, 
w ith  a PM-10 d ia flo  membrane (d iam eter 43mm).
2.4.7 Spectrophotometric Assays
S pectropho tom etric  dete rm ina tions were carried  out using e ith e r a
V arian /C ary  model 219 sp lit beam spectrophotom eter or a V arian /C ary  model 2200 
sp lit beam spectrophotom eter. High precision m atched (4.3m l) quartz  (absorbances 
<350nm) or glass cuvettes were employed (1cm path length).
For the de te rm ina tion  o f the absolute spectra o f p u rifie d  p ro te ins a 
K on tron-U v ikon  model 860 s p lit beam spectrophotom eter was used w ith  0 .5m l 
m atched quartz cuvettes (1.0cm path length). For the simple de te rm ina tion  o f
absorbances, during c o lo r im e tr ic  assays, a C ec il 292 or LKB U ltrospec 4050 single 
beam spectrophotom eters were used.
The D e te rm ina tion  o f T o ta l Cytochrom es P-450 and b^ in P u rifie d  or M icrosom al 
Suspensions
To ta l cytochrom es P-450 and b,- were determ ined by the m ethod o f 
Omura and Sato (1964) ca rried  out at room tem pera tu re .
Method
Microsomes were d ilu ted  (1:6 to  1:12) w ith  0.1M potassium -phosphate 
b u ffe r, pH 7.45, and equally d ivided between tw o cuvettes. A baseline was 
subsequently recorded between 500nm and 400nm. A few  granules o f sodium 
d ith io n ite  were added to the sample cuve tte  and the spectrum  recorded. 
Q uan tita tion  o f to ta l cytochrom e b^ was achieved using the e x tin c tio n  c o e ff ic ie n t 
o f 185m M "^cm ” ^ fo r the absorbance d iffe re n ce  A ^ g  4 i o nm (Omura and Sato, 
1964). Sodium d ith io n ite  was subsequently added also to  the re fe rence  cuve tte  and a 
new baseline recorded (500-400nm). Carbon monoxide (CO) was then bubbled in to  
the sample cuve tte  fo r 60 seconds and then a spectrum  was recorded. The
cytochrom e P-450 concen tra tion  was determ ined em ploying the e x tin c tio n  
c o e ff ic ie n t 
Sato, 1964).
o f 91mM"'*'cm~'*' fo r the absorbance d iffe re n ce  A ^ ^  ^ 5 gnm (Om ura and
For p u rifie d  and p a rtia lly  p u rified  preparations spectra l de te rm ina tions 
were ca rried  out essentia lly  as described above, except th a t d ilu tions  were 
perfo rm ed w ith  50mM potassium-phosphate b u ffe r, pH 7.40, 20% (v /v ) g lyce ro l.
Absolute Absorp tion  Spectra o f P u rified  P rote ins
Absolute spectra were recorded at 27°C  as fo llow s: 50mM phosphate
b u ffe r (pH 7.40), 20% (v /v ) g lyce ro l was placed in to  tw o  m atched quartz  cuve ttes. 
A baseline was subsequently recorded between 250nm and 700nm. Oxidised absolute 
spectra were recorded a fte r  the add ition  o f the required amount o f p ro te in  so lu tion  
to the sample cuve tte . The spectra were then recorded. In order to record the 
absolute spectra under reduced conditions, sodium d ith io n ite  was added to  both 
re ference and sample cuvettes and the spectrum  recorded.
In the case o f N A D P H -cytochrom e P-450 reductase (Fp-j-) the
concen tra tion  in the pu rified  p repara tion  could be determ ined fro m  the absolute
absorbance of the fla v in  m oie ties under oxidised conditions, using the e x tin c tio n
c o e ff ic ie n t o f 21.4mM~^cm~^ fo r the absorbance d iffe re n ce  A / c /  . (French454-bOOnm
and Coon, 1979).
N A D P H -C ytochrom e c Reductase A c t iv ity
N A D P H -cytochrom e P-450 reductase (EC 1.6.2.4) was assayed 
enzym ica lly  according to the a b ility  o f  the p ro te in  to reduce the non-physio log ica l 
e lectron  acceptor cytochrom e c. The reaction  was ca rried  out at room tem pera tu re  
and involved the use o f both re ference (R) and sample (S) cuvettes:
5 R
lOOmM T ris -H C l b u ffe r, pH 7.25 
Conta in ing cytochrom e c (0.4m g/m l) 2.48m l 2.50m l
Reductase prepara tion  (m icrosom al or 
otherw ise) 0 .0 1 - 0 . lm l  0 .0 1 - 0 . lm l
NADPH (2% w /v  so lu tion  in 1.0% w /v  NaHCO-^) 0.025ml
A fte r  a su itab le  period (1 m inute) o f p re -incuba tion , N ADPH was added to  
the sample cuve tte  only (see above). The reduction  o f cytochrom e c was m on ito red  
at 550nm. The concentra tion  o f ferrous cytochrom e c w ith  tim e  was ca lcu la ted  
using the e x tin c tio n  c o e ff ic ie n t 18.5mM ^cm  ^ and one un it o f a c t iv ity  was defined 
as lp m o le  cytochrom e c reduced per m inute  (Gibson and Schenkman, 1978).
2.4.8 Reconstitution Methodology for Assaying Cytochrome P-450-Dependent
Mixed-Function Oxidase A ctiv ities of Purified Cytochromes P-450
The m etabolism  o f model substrates by p u rifie d  prepara tions o f 
cy tochrom e P-450 was ro u tine ly  determ ined using the standard re co ns titu ted  system 
o f Haugen e t a l., (1975). The p rin c ip a l components were p u rified  cytochrom e P-450 
(Emulgen 911-free), p u rified  N A D P H -cytochrom e P-450 reductase (Emulgen 911- 
free), L -a -d ilau ry lphospha tidy lcho line  (L -a -D L P C ), substrate and N AD PH . A ll 
components were sa tu ra ting , except fo r cytochrom e P-450. In a ll cases enzym e- 
blank experim ents, where cytochrom e P-450 was o m itted  from  the com plete  system, 
were run in pa ra lle l to determ ine non-enzym ic ra tes o f substrate tu rnover.
The pu rified  pro te ins were thawed out and m ainta ined on ice u n til 
required  fo r re co ns titu tion  and the concen tra tion  o f cytochrom e P-450, or P-448, 
used in recons titu ted  systems was based on tha t which was spec tra lly  de tectab le  by 
the Omura and Sato method (1964).
D e te rm ina tion  o f Benzphetam ine N -D em ethylase A c t iv ity
This method is based on the cytochrom e P-450-dependent N - 
dem ethy la tion  o f benzphetam ine (Lu et a l., 1972). The form aldehyde produced is 
determ ined c o lo r im e tr ic a lly  by the method o f Nash (1953).
Reagents
1. L -a -D ilau ry lphospha tidy lcho line  (L -a -D LP C ) so lu tion  (300yg /m l) 
sonicated in assay b u ffe r.
2. P u rified  cytochrom e P-450 or P-448 (Em ulgen-free).
3. P u rified  reductase (Em ulgen-free).
4. Sodium -deoxycholate so lu tion (500yg /m l) in b u ffe r.
5. Magnesium ch lo ride  (150mM in d is tille d  w ater).
6 . 50mM Potassium-phosphate b u ffe r, pH 7.25.
7. Benzphetam ine-H C l (15mM in d is tille d  w ater).
8 . NADPH (40mM in 1% w /v  sodium b icarbonate).
Method
The components were m ixed in the fo llo w in g  order and m ain ta ined on ice 
to obtain the fo llo w in g  f in a l concentra tions:
L -a -D L P C  (30pg/m l), cytochrom e P-450 or P-448 (0.3pM), reductase 
(0.6]iM ), deoxycholate (50pg/m l), M g C ^  (15mM), 50mM phosphate b u ffe r (pH 7.25) 
and benzphetam ine-H C l (1.5mM) in a fin a l volume o f 0.96m l.
The system was p re -incubated fo r  2 m inutes at 37°C in a shaking w a te r 
bath. The reaction  was subsequently in it ia te d  w ith  40y l o f NADPH (fin a l 
concen tra tion  1.6mM). A f te r  a 3 m inute incubation period, the reaction  was 
te rm ina ted  w ith  0.50m l o f ice -co ld  12.5% (w /v) tr ic h lo ro a c e tic  acid (TC A). Samples 
were im m ed ia te ly  m ixed and allowed to stand on ice fo r 5 m inutes. P re c ip ita te d  
p ro te in  was then removed by ce n trifu g a tio n  fo r 15 m inutes at 3,000rpm. The 
supernatant (1 .0 m l) was then removed gen tly  fo r the de te rm ina tion  o f form aldehyde 
using the Nash assay.
The Nash Assay 
Reagent
Am m onium  acetate  (150g) was dissolved in d is tille d  w a te r (900ml) and ' 
acety lacetone (2.0m l) was added and com p le te ly  m ixed. The resu ltan t so lu tion  was 
adjusted to  pH 6.0 w ith  g lac ia l ace tic  acid, the volume being adjusted to 1 l it re .  
The reagent was stored in the dark at 4°C  u n til required and was always prepared 
fresh.
Method
The supernatant (1.0m l) fro m  the TCA p re c ip ita tio n  step was added to
Nash reagent (1.0m l), m ixed and heated in a shaking w a te r bath a t 58°C  fo r 10
m inutes in the dark. A f te r  5 m inutes cooling, the absorbance a t 412nm was
recorded. A standard curve was constructed using 1.0m l volumes conta in ing  0, 40,
60, 100, 140, 200, 250 and 300nmoles form aldehyde. Standards were trea ted  in
exac tly  the same way as the tes t systems and comprised a ll o f the components,
except the p u rified  prote ins. Under these conditions o f lin e a r ity  the standard curves
exh ib ited  A , 0 = 2.25 fo r  lOOOnmoles o f HCHO.41znm
D e te rm ina tion  o f 7 -E thoxycoum arin-Q -D eethylase  A c t iv ity
The methodology employed here was based on the d ire c t f lu o ro m e tr ic  
de tec tion  o f the product form ed; 7 -hydroxycoum arin  (U llr ic h  and Weber, 1972). 
Reagents
1. L -a -D L P C  sonicated so lu tion  (300pg/m l) m aintained in b u ffe r a t 37°C .
2. P u rifie d  cytochrom e P-450, P-448 and reductase (Emulgen 911-free).
3. 50mM HEPES b u ffe r (pH 7.60) conta in ing  O .lm M  EDTA and 15mM M g C ^ . 
This was also m aintained a t 37°C.
4. 7 -E thoxycoum arin  so lu tion  (Im M  in 25% v /v  so lu tion  o f m ethanol in 
b u ffe r) which was sonicated.
5. NADPH (lOm M) in 1% (w /v) sodium b icarbonate.
6 . 7 -H ydroxycoum arin  stock so lu tion in b u ffe r (0.25mM solution).
Method
The components were added in the fo llo w in g  order d ire c tly  in to  a reaction  
cuve tte  to  give the fin a l concentra tions ind icated:
L -a -D L P C  (30pg/m l), p u rifie d  cytochrom e P-448 or P-450 (0.003 —
0.014yM ), p u rifie d  reductase (0.06yM ), 50mM H E P ES -E D TA -M gC ^ b u ffe r  and 
f in a lly  7 -e thoxycoum arin  (50jjM) to  a fin a l volume o f 1.99m l.
The cu ve tte  was gen tly  shaken to m ix the suspension and then placed in to  
the cuve tte  housing o f a Perkin-E l.m er LS-5 flu o r im e te r. The e x c ita tio n  and 
emission wavelengths were set a t 375nm and 454nm respective ly  and the e xc ita tio n  
s lit  w id th  a t 10 and emission s lit  w id th  a t 2.5nm. A f te r  a p re -incuba tion  tim e  o f 2 
m inutes the reac tion  was in it ia te d  w ith  10p l o f NADPH (fin a l concen tra tion  50pM). 
The reaction  was fo llow ed  fo r 5 m inutes and only the in it ia l lin e a r po rtion  was 
obtained.
The ca lib ra tio n  o f the assay was achieved by adding l y l  o f a stock 7- 
hydroxycoum arin  so lu tion  (0.25nmoles) to an incubation system com prising a ll o f the 
components m entioned above, except the p u rifie d  prote ins and 7 -e thoxycoum arin .
The D e te rm ina tion  o f 7 -E thoxyresoru fin , 7 -P entoxyresoru fin  and 7- 
B enzyloxyresorufin  Q -Dealkylase A c t iv it ie s
The d ire c t f lu o ro m e tr ic  method employed was based on tha t described by 
Burke e t a l., (1983) and W olf e t a l., (1986).
Reagents
1. L -a -D L P C  sonicated so lu tion  (300pg/m l) m ainta ined in b u ffe r a t 37°C .
2. P u rifie d  cytochrom e P-450, P-448 and reductase (Emulgen 911-free).
3. 50mM H E P ES -E D TA -M gC ^ b u ffe r, pH 7.6, m ainta ined at 37°C .
4. Substrate ( Im M  stock so lu tion  in d im ethylsu lphoxide).
5. NADPH (50mM stock so lu tion) in 1% (w /v) NaHCO^.
6 . R esorufin  sodium sa lt (4.9 x 10"^M  stock) in methanol.
Method
The assay components were added in the fo llo w in g  order d ire c tly  in to  the 
reaction  cuve tte  to  give the f in a l concentra tions m entioned.
L -a -D L P C  (30 -48 ]ig /m l) p u rifie d  P-450 or P-448 (0 .014-0.029yM ), p u rifie d  
reductase (0.06pM) and 50mM H E P E S -E D TA -M gC ^ b u ffe r. The fo llo w in g  fin a l 
concentra tions o f substrate were added: e thoxyresoru fin  (l.O pM ), pen toxyresoru fin  
and benzy loxyresoru fin  (5.0pM ) in a fin a l assay volume o f 1.99ml.
Fo llow ing  pre incubation  at 37°C  fo r 2 m inutes, the reaction  was s ta rted  
w ith  lO p l o f NAD PH  (fin a l concen tra tion  250pM). As previously m entioned the 
reac tion  was fo llow ed  fo r 5 m inutes only. C a lib ra tio n  was achieved by adding 3 y l o f 
resoru fin  (0.148nmoles) to an incubation m ix tu re  com prising a ll the components 
m entioned except the substrate and p u rified  prote ins. In th is instance the e xc ita tio n  
and emission wavelengths were 510nm and 586nm respective ly . In order to m in im ise 
the concen tra tion  o f so lvent (DMSO) present, substrate additions were ca rried  out to 
a m axim um  solvent concen tra tion  o f 0.5% (v/v).
2.4.9 The Solubilisation of Hepatic Microsomal Preparations for 5DS-PAGE,
ELISA, Ouchterlony Double Immunodiffusion and Western Blotting  
Analysis 
Reagents
Solub ilisa tion  b u ffe r: 0.1M potassium-phosphate b u ffe r (pH 7.4)
conta in ing 10% (w /v) sodium cholate and 2.0% (v /v ) Emulgen 911. The density o f 
Emulgen 911 is approx im ate ly  l.O g /m l.
Method
M icrosom al suspensions (25% w /v ) were prepared as norm al and were 
m aintained at 4°C . Solub ilisa tion  o f m icrosom al prote ins was achieved w ith  l.Omg 
chola te /0 .2m g Emulgen 911 per mg p ro te in  fo r 30 m inutes on ice w ith  m oderate 
vo rtex ing . Non-solubilised m a te ria l was not removed and the subsequent 
preparations were ready fo r  use or stored at -20°C . Under these conditions there  
was no loss o f c a ta ly t ic  a c t iv ity  or the appearance o f cytochrom e P-420.
2.4.10 Discontinuous Sodium Dodecyl Sulphate Polyacrylamide Slab Gel
Electrophoresis (SDS-PAGE) of Hepatic Microsomal Proteins
The m ethod o f Laem m li (1970) was used ro u tine ly  fo r  the analysis o f 
p u rifie d , p a rtia lly  p u rifie d  or m icrosom al preparations. The procedure was carried  
out at room tem pera tu re .
Reagents
Gel Stock: 30% (w /v) acry lam ide  (Grade I)
0 .8 % (w /v) N ,N '-m e thy lene-b is-acry lam ide.
Low er Gel B u ffe r: 
(B u ffe r 1)
1.5M T ris -H C l (pH 8 .8 ) ,conta in ing  0.4% (w /v) 
sodium-dodecyl-sulphate.
Upper Gel B u ffe r: 
(B u ffe r 2)
500mM T ris -H C l (pH 6 .8 ),conta in ing  0.4% (w /v) 
sodium -dodecyl-sulphate.
E lectrode  B u ffe r: 
(B u ffe r 3)
25mM T ris -H C l (pH 8 .3),conta in ing 192mM g lyc ine  
and 0 .1% (w /v) sodium -dodecyl-sulphate.
Sample B u ffe r: 123mM T ris -H C l (pH 6 .8 ) conta in ing 4.6% (w /v ) sodium- 
dodecyl-sulphate, 30% (v /v ) g lycero l, 0.002% (w /v) 
bromophenol blue and 1 0 % (v /v ) 8 -m ercap toe thano l.
Am m onium  Persulphate: 10% (w /v) in d is tille d  water.
Method
A v e rtic a l slab gel apparatus made in the workshop o f the D epartm en t o f 
B iochem istry  was used. The gel was housed in a glass cuve tte , w ith  perspex side and 
bottom  spacers, held toge ther w ith  'bu ll-dog ' c lips. The in te rna l dimensions o f the 
cuve tte  were 120mm x 100mm x 1.5mm. E lectrophoresis was ca rried  out a t room 
tem pera ture .
The glass plates were washed in de tergent, rinsed in d is tille d  w a te r and 
f in a lly  wiped clean w ith  acetone. The cuve tte  was assembled and sealed w ith  1.5% 
(w /v) m olten  agar and then clamped in a v e rtic a l position . The low er (running) gel 
was prepared by m ix ing  b u ffe r 1 (10m l), gel stock (13.3m l) and w a te r (16.6m l). 
P o lym erisa tion  was in it ia te d  w ith  N jN jN 'jN '-te tra m e th y le th y le n e d ia m in e  (TEMED), 
(20 ]jl) and fresh ly  prepared ammonium persulphate so lu tion (240pl). This was 
s u ff ic ie n t fo r 2 gels, at a fin a l acry lam ide concen tra tion  o f 10% (w /v). The so lu tion  
was p ipe tted  in to  the glass cuve tte  to  a height o f 8.0cm. A th in  layer o f d is tille d  
w a te r was in troduced above the gel m ix tu re  to ensure a f la t  in te rfa ce  between the 
separating gel and stacking gel a fte r  po lym erisa tion . P o lym erisa tion  o f the low er 
gel norm a lly  took 45-60 m inutes at the end o f which tim e  the th in  w a te r layer was 
removed. The upper (stacking) gel consisted o f upper gel b u ffe r (3.75m l), gel stock 
(1.5m l), w a te r (9.75m l), ammonium persulphate (90y l) and TEMED (20pl) and was 
added above the running gel. The amounts ind ica ted  were s u ff ic ie n t fo r two gels, a t 
a f in a l acry lam ide  concen tra tion  o f 3.0% (w /v). A perspex comb was in troduced in to  
the stacking gel before po lym erisa tion  to  fo rm  the sample w e lls. The comb was 
removed when po lym erisa tion  was com plete, a fte r  lh ,  and a sm all amount o f 
e lectrode  b u ffe r (B u ffe r 3) was in troduced in to  the sample w e lls to  keep them  
separate. The low er perspex spacer was removed from  the cuve tte , the la t te r  was 
subsequently placed in an e lectrophoresis tank. The p u rified  or so lubilised 
m icrosom al preparations were loaded in to  the wells, the bromophenol blue present in 
the sample b u ffe r a llowed the visua lisa tion  o f the samples. E lectrode  b u ffe r was 
then placed in to  the upper and low er reservo irs and a ir bubbles trapped underneath 
the gel were removed w ith  a syringe.
E lectrophoresis was ca rried  out as soon as possible a fte r  sample loading, 
to  prevent d iffu s ion  o f pro te ins w ith in  the stacking gel. For e lectrophoresis the 
tank was connected to  a Pharm acia power supply model EPS 500/400 and a constant
cu rre n t o f 20mA per gel applied (80 vo lts), u n til the bromophenol blue entered the 
low er gel. The cu rre n t was subsequently increased to  40mA per gel (200 vo lts) u n til 
the dye fro n t was w ith in  5mm o f the end o f the gel. The cuve tte  was subsequently 
removed from  the tank and the glass p lates separated, the stacking gel rem oved and 
the low er gel stained fo r  prote ins.
The D e tec tion  o f P ro te ins on P o lyacry lam ide  Gels 
Reagents
Stain ing Solution: P ro pa n -2 -o l/ace tic  a c id /w a te r (25:10:65 by volume) conta in ing
0.05% (w /v) Coomassie blue R-250.
Destaining Solution: P ro pa n -2 -o l/ace tic  a c id /w a te r (1:1:8 by volume).
M ethod
Stain ing o f p ro te in  bands was achieved by placing the low er running gel 
overn igh t in sta in ing so lu tion, w ith  slow ag ita tion . The gel was destained by 
e x tra c tio n  w ith  successive volumes o f destain ing so lu tion  on a gently rocking w a te r 
bath over a 1 2 h period.
The D e te rm ina tion  of the Percentage P u r ity  o f P u rifie d  M icrosom al P ro te ins
The p u r ity  o f p u rified  preparations was c r it ic a lly  assessed in one o f tw o
ways:
In it ia l ly ,  the dye e x tra c tio n  method o f Fenner (1975) was employed. This 
involved c u ttin g  out visualised bands on the gel, m acerating them  and f in a lly  
e x tra c tin g  the Coomassie blue R-250 dye w ith  a 25% (v /v ) so lution o f pyrid ine  in 
d is tille d  w a te r (1.0m l). This e x tra c tio n  was ro u tine ly  carried  out a t room 
tem pera tu re  over a period o f 3h. The absorbance in each tube was subsequently 
read a t 605nm a fte r  co rrec tion  w ith  su itable blanks.
In la te r  gels, dens itom etry  was perfo rm ed  w ith  a Joyce-Loebl chromoscan 
3 densitom eter, f i t te d  to  an A m strad  PC-CM  m on ito r, 512K A m strad personal 
com puter and DMP 3000 reco rder. The ins trum ent was sw itched to lin e a r scan 
mode.
The P repara tion  o f Samples fo r E lectrophoresis
P u rifie d  or solubilised m icrosom al suspensions were mixed w ith  sample 
b u ffe r and boiled fo r 2 \ m inutes in a bo iling  w a te r bath. C ytochrom e P-450 and 
other prote ins were rendered m onom eric by the 8 -m ercap toe thano l present and 
so lub ilisa tion  fo r e lectrophoresis was achieved w ith  the sodium dodecyl-su lphate 
present in the sample b u ffe r. The procedure was ca rried  out in a fum e cupboard.
R ou tine ly  about 0.5-10yg o f  p ro te in  was loaded per gel tra ck , using a 
H am ilton  syringe. The prepared samples and standards could be stored in sample 
b u ffe r (-20°C ) and re-used, each tim e  undergoing the bo iling  procedure, fo r a 
m axim um  of th ree  tim es.
Standard P ro te in  M o lecu lar Weight M arkers Used in E lectrophoresis
The fo llo w in g  pro te ins o f known m onom eric m o lecu lar w e ight (M r ) were 
ro u tin e ly  used to  ca lib ra te  po lyacry lam ide gels:
Equine C ytochrom e c (M f  = 12.3Kd)
Equine M yoglobin (M^ = 17.2Kd)
Bovine E ry th ro cy te  Carbonic Anhydrase (M^ = 30.0Kd)
Hen Ovalbum in (45.0Kd)
Bovine G lu tam ate  Dehydrogenase (M = 53.0Kd)
Beef L iv e r Catalase (M = 60.0Kd)r
Bovine Serum A lbum in  (M^ = 68.0Kd)
Hen O vo trans fe rrin  (M = 78.0Kd)
The stock so lu tion  o f p ro te ins conta ined l.O m g /m l p ro te in  and was stored 
a t -20°C  in 0.1M T ris -H C l b u ffe r (pH 6.80). For e lectrophoresis 5pl o f th is  was 
taken and added to  sample b u ffe r (145yl) and boiled as usual; 15 ]il was subsequently 
loaded per tra ck  (ie , 0 .7 jjg /p ro te in  per tra ck ).
E le c tro p h o re tic  m o b ilit ie s  o f p ro te in  were determ ined e ith e r d ire c tly  
fro m  gels or fro m  photographs o f gels. The m o lecu lar w eights o f m icrosom al 
p ro te ins were dete rm ined from  m o lecu la r w e igh t p lo ts, which invo lved p lo ttin g : 
Log^g (daltons) against percentage e le c tro p h o re tic  m o b ility . The la t te r  is 
defined as the d istance moved by the p ro te in  fro m  the top o f the gel d iv ided  by the 
distance moved by the brom ophenol blue dye fro n t, ie:
dero te in  xlQ()
^ fro n t
2.4.11 — The D e te rm in a tio n  o f P ro te in  Using the  Low ry  Assay .... .............
P ro te in  concen tra tion  was ro u tin e ly  dete rm ined  by the m ethod o f L ow ry  
e t a l., (1951), em ploying bovine serum album in (F rac tio n  V) as standard.
Reagents 
0.5M NaOH
Bovine serum album in (200pg /m l in 0.5M NaOH)
2% (w /v ) Sodium carbonate 
1% (w /v) Copper sulphate 
2% (w /v ) Sodium -potassium  ta r t ra te
The copper sulphate, sodium -potassium  ta r t ra te  and sodium carbonate  
solutions were m ixed sequentia lly  (1:1:100 by volum e), im m ed ia te ly  be fo re  use. This 
is known as 'copper sulphate reagent'.
P u rifie d  and P a r tia lly  P u rifie d  P ro te in  Preparations
P ro te in  samples were d ilu ted  (usually 2-20 fo ld ) w ith  0.5M NaOH to  give 
an appropria te  concen tra tion  in a f in a l volume o f 0.50m l. P ro te in  standard so lu tion  
(200 |ig /m l) was d ilu ted  in 0.5M NaOH to give 0-100pg bovine serum album in (BSA) 
per tube in dup lica te . The p ro te in  standards, samples and blanks (0.5m l) were m ixed 
w ith  copper sulphate reagent (5.0m l) and allowed to stand fo r 10 m inutes. F o lin - 
C ioca lteau phenol reagent, d ilu ted  1:1 w ith  d is tille d  w a te r, was then added (0.5m l) 
and the so lu tion  im m ed ia te ly  vortexed. A f te r  a llow ing to stand fo r  30 m inutes, the 
absorbance at 750nm was read. Using th is  procedure the standard curve employed 
had A y^gnm = 3.6 fo r lOOOjjg BSA.
M ost o f the p u rified  preparations assayed by the procedure conta ined 
concentra tions o f g lyce ro l and detergents which are known to in te r fe re  w ith  the 
colour fo rm ing  reaction . On such occasions the presence o f these agents was la rge ly  
compensated fo r by appropria te  additions to  the standard curve. A tr ic h lo ro a c e tic  
(TCA) p ro te in -p re c ip ita tio n  procedure was also employed:
To 0.5m l o f the d ilu ted  samples was added 0.5m l o f ice -co ld  20% (w /v) 
TCA. A fte r  vo rtex ing  the m ix tu re  was spun fo r 10 m inutes at 3000rpm. The 
supernatant was poured o f f  and the d iffuse  'p e lle t' o f p ro te in  was resuspended in the 
o rig ina l volume (0.5m l) o f fresh 0.5M NaOH. The assay was then ca rried  out as 
above. The standards and blanks were run in pa ra lle l w ith  the samples.
M icrosom al Suspensions
M icrosom al suspensions (25% w /v ) were ro u tine ly  d ilu ted  20- to  60-fo ld  
w ith  0.5M NaOH, the exact d ilu tio n  being dependent on the source o f m icrosomes. 
An a liquo t (0.50m l) o f the d ilu ted  prepara tion  was added to  0.5M NaOH (0.50m l) and 
m ixed. Freshly prepared copper sulphate reagent (5.0m l) was then added d ire c tly ,
m ixed and allowed to  stand fo r  10 m inutes. The d ilu ted  (1:1) F o lin -C ioca lte au  
reagent (0.50m l) was added and the procedure was ca rried  out as m entioned above. 
A standard curve was constructed  w ith  BSA (0-200ijg  p ro te in ).
2.4.12 The Production of Sheep Polyclonal Antisera to Purified Cytochrome
p-448 (P-450 ) -----  c—
A ntise ra  to  e le c tro p h o re tica lly  homogeneous hepatic m icrosom al 
cytochrom e P-448 were raised in a single sheep. The m ethodology had previously 
been applied successfu lly in our labora to ries (Tam burin i et al., 1984).
Im m unisation and Boosting Schedule
P u rifie d  cytochrom e P-448 (lOOOyg) was used fo r p rim ing ; the prepara tion  
(1.8m l) was added to BCG vaccine (0.3m l), th is m ix tu re  cons titu ted  the aqueous 
phase. The la t te r  conta ined h e a t-k ille d  M ycobacterium  tubercu losis. The presence 
o f m ycobacte ria  serves to s tim u la te  the anim al in to  an immune response. The above 
aqueous m ix tu re  was added to  non-u lce ra tive  Freund's incom plete  adjuvant (4.5m l). 
A w a te r in o il emulsion was then prepared by a double-hubbed needle m ethod and 
the fin ished emulsion could be delivered in to  one o f the syringes invo lved fo r 
im m edia te  use. The technique employs tw o syringes which are clamped toge the r by 
a double-hubbed needle. The antigen so lu tion is rap id ly  passed in to  the adjuvant 
w ith  the m ix tu re  being passed backwards and forw ards between syringes, u n til the 
r ig h t v iscos ity  is a tta ined . Emulsion s ta b ility  can be ascerta ined by placing a single 
drop in a beaker o f cold w a te r. I f  i t  was stable then the f ir s t  d rop le t spreads evenly 
across the liqu id  surface w ith  subsequent drops rem ain ing on or ju s t below the 
surface, but not breaking up. I f  th is  was the case, im m unisation was im m ed ia te ly  
in it ia te d .
The antigen-ad juvant emulsion was in jec ted  in to  a S uffo lk  Cross Welsh 
M ountain yearling  sheep, in tram uscu la rly , in six d ivided doses, in to  ax ia l and 
inguinal regions. Before im m unisa tion  the anim al was bled from  the jugu la r vein and 
th is  cons titu ted  the pre-im m une bleed.
A fte r  p rim ing , the anim al was bled p e riod ica lly  and serum t itre s  could be 
conven iently  determ ined using a non -com pe titive  enzym e-linked im m unosorbent 
assay (ELISA) m ethod (Section 2.4.13). T itre s  were determ ined re la tive  to  the pre- 
immune bleed and rose to as much as 1:60,000. A f te r  extensive ELISA m on ito ring  o f 
incom ing bleeds, the anim al was boosted w ith  add itiona l antigen (200ijg), 41 weeks 
a fte r  p rim ing . The p repara tion  (0.5m l) was added to s te r ile  w a te r (0.5m l) and 
em u ls ified  w ith  Freund's incom plete adjuvant (2.0m l). In jec tion  was ca rried  out in 
the same way as fo r p rim ing . The antiserum  t itre s  rose to 1:450,000.
Blood removed from  the anim al was a llowed to  c lo t at room tem pera tu re  
overn igh t. Once the c lo t was removed, the rem ain ing antiserum  could be stored at 
4 °C  in the presence o f 0.02% (w /v) sodium azide. Only post-boosted antisera  were 
employed fo r q u a n tita tive  ELISA, O uchterlony double im m unodiffus ion  or Western 
b lo ttin g  experim ents.
R abbit A n ti-C y toch ro m e  P-450^
A n tise ra  raised to  pu rified  ra t hepatic m icrosom al cytochrom e P-450 ('P- 
4 5 O-B2 1) was a kind g i f t  from  Dr G G Gibson (U n ive rs ity  o f Surrey). The serum had 
been raised in New Zealand w h ite  rabb its . The p u rified  haem oprote in (antigen) was 
p u rifie d  from  phenoba rb ita l-trea ted  male W istar albino ra ts  (Tam burin i e t a l., 1984). 
The prepara tion  was shown to  m etabolise benzphetam ine and was also characte rised  
as a m etyrapone-bind ing, low -spin haem oprotein o f m onom eric m o lecu la r w e igh t 
(M r ) 54.9 - 0.5Kd (on 12.5% w /v  acrylam ide gels). This antiserum  was used in a ll 
im m uno log ica l assays.
2.4.13 Indirect Non-Com petitive Enzyme-Linked Immunosorbent Assay (ELISA)
The im m unolog ica l de tec tion  o f pu rified  and m icrosom al p ro te in  was 
conven iently  ca rried  out using an in d ire c t non -com pe titive  ELISA m ethod (V o lle r et 
a l., 1978). During the assay hydrogen peroxide is m etabolised by the antibody- 
conjugate peroxidase enzyme label, to two molecules o f w ater. The substra te , eg, 
orthophenylenediam ine (OPD) serves as a hydrogen-donor and its e lf  is oxidised. The 
oxidised OPD is an orange-brown coloured compound.
Reagents
Coating B u ffe r: 0.05M phosphate-buffered saline (PBS), pH 7.40 was prepared as
fo llow s: In to  2 litre s  o f d is tille d  w a te r was dissolved NaCl (16g), K ^ P O ^  (0.2g), 
Na^HPO^ (1.15g) and KC1 (0.40g). This was used fo r the d ilu tion  o f antigen, and was 
s u ff ic ie n t fo r tw o  ELISA m ic ro t itre  plates.
Wash B u ffe r: This was made up by adding 0.5m l po lyoxye thy lene-so rb itan
m onolaurate (Tween-20) and gelatine  (l.Og) to  1 l i t r e  o f PBS b u ffe r (above). This 
was employed fo r the d ilu tion  o f f ir s t  and second antibodies, b locking and washing o f 
ELISA plates.
Substrate B u ffe r: C itr ic  acid (1.17g) and Na2 HPO^ (1.82g) were added to  d is tille d
w a te r (250ml), the fin a l pH being 5.5. The substrate orthophenylenediam ine (30mg) 
was added to  th is so lution (75.0ml), which contained 30pl o f hydrogen peroxide 
(com m erc ia lly  availab le  as a 30% w /v  so lu tion). The so lu tion  was made up jus t 
before use and was m aintained at 4°C  in the dark.
Stopping Reagent: This was a so lu tion  o f 2.5M c a re fu lly  prepared by s low ly
adding the appropria te  volume o f 8M to  d is tille d  w a te r.
Method
Polystyrene 96-v/e ll Dynatech m icro-ELIS A  plates were used throughout. 
The procedure invo lved the fo llo w in g  steps, perform ed at room tem pera tu re :
1. ELISA p lates (usually tw o) were washed w ith  PBS b u ffe r by f i l l in g  a ll the 
w ells w ith  b u ffe r and leaving fo r about 10-15 m inutes.
2. A ntigen, p u rifie d  or m icrosom al (solubilised), was d ilu ted  to  the required 
concen tra tion  o f p ro te in  w ith  PBS and the loading o f cytochrom e P-450 
was on a pm o l/m l basis, the fin a l volume o f antigen p ipe tted  being 
2 0 0 y l/w e ll. R ou tine ly , f in a l concentra tions o f 0 .0025-0.13pmol 
cytochrom e P -450/200 ]il were employed. In a ll cases the ou te r-m ost 
w ells o f the ELISA plates were not used. Having coated the plates w ith  
antigen, the plates were placed in a damp box (to  prevent dryness o f w e ll 
contents) and incubated at 4°C  overn igh t.
3. The fo llow ing  m orning the plates were washed (fou r tim es) w ith  PBS-
Tw een/ge la tine  b u ffe r. This was norm a lly  carried  out using a m anually 
operated Dynatech miniwash un it.
4. PBS-Tween/gelatine b u ffe r (2 0 0 jil/w e ll)  was then p ipe tted  in to  each w e ll 
and the plates were placed in a damp box (at 37°C) fo r 60 m inutes. This 
was the b locking step and was essential to  m in im ise non-spec ific  binding 
o f the f ir s t  antibody, to  the ELISA p la te .
5. The plates were then washed once again (four tim es) w ith  PBS-
Tw een/ge la tine  b u ffe r, as in (3).
6. The f ir s t  antibodies (sheep an ti-cy toch rom e  P-448, sheep pre-im m une
serum, ra b b it an ti-cy toch rom e  P-450 and ra b b it p re-im m une serum) were 
a ll d ilu ted  w ith  PBS-Tween/gelatine b u ffe r, which was subsequently 
p ipe tted  (2 0 0 |il/w e ll) onto the ELISA plates. Incubation was ca rrie d  out 
fo r 2h (at 37°C). N on-specific  binding was checked fo r by using the 
appropria te  pre-im m une antisera in each case.
7. The ELISA p lates were subsequently washed as in (3).
8. The second antibody (peroxidase-labelled donkey anti-sheep or donkey
a n ti- ra b b it IgG) was d ilu ted  1:13,000 w ith  PBS-Tw een/ge la tine b u ffe r and 
p ipe tted  (2 0 0p l/w e ll) onto the m icro -E L IS A  plates. This second antibody 
was also a llowed to  incubate fo r  2h at 37°C  in a damp box.
9. The m icro-E LIS A  plates were thoroughly washed once more w ith  PBS- 
Tw een/ge la tine  b u ffe r, as in (3).
10. Freshly prepared orthophenylenediam ine (OPD) so lu tion  was subsequently 
p ipe tted  (1 5 0n l/w e ll) using a Dynatech m ultihead p ip e tte . The reac tion  
was allowed to  proceed fo r  30 m inutes at 37°C  in a damp box.
11. The reac tion  was te rm ina ted  by the add ition  (5 0 y l/w e ll)  o f 2.5M H^SO^
solution.
12. The bottom s o f the plates having been wiped clean, the plates were placed
in to  a Dynatech m icro-ELIS A  autoreader (model MR-580), linked to  a BBC 
m icrocom pute r system w ith  an Epson RX-80 p rin te r and the absorbances 
read at 490nm.
2.4.14 Western Blotting Analysis of Microsomal Proteins Separated by SDS-
Polyacrylamide Gel Electrophoresis
The technique involved the e lec tropho re tic  tra ns fe r o f p ro te ins fro m
polyacry lam ide  gels to  n itroce llu lose  sheets, which were subjected to  im m uno log ica l
analysis (Towbin e t a l., 1979; Burnet, 1981).
Reagents
E lectrophoresis bu ffe rs : See Section 2.4.10.
T ransfe r B u ffe r: 20mM Tris  base, 150mM glycine. R ou tine ly , 3 lit re s
were enough fo r tw o  blots.
0.05M PBS (Section 2.4.13) conta in ing  0.2% (v /v ) 
T rito n  X-100 and 1% (w /v) BSA (F ra c tio n  V). This 
was made up the n ight before and stored at 4°C  and 
1100ml was s u ff ic ie n t fo r two b lo ts. A ll antibodies 
were d ilu ted  w ith  th is solution.
0.1M T ris -H C l b u ffe r (pH 7.30) conta in ing  0 .5m g/m l 
3 ,3 '-d iam inobenzid ine (DAB) and 1:5000 hydrogen 
peroxide (30% w /v  com m ercia l so lu tion). The 
so lu tion  was made up just before use and was stored 
at 4°C  in the dark.
Second Antibod ies
Donkey anti-sheep and donkey a n ti- ra b b it IgGs (not peroxidase-labe lled) 
were prepared by am m onium -sulphate p re c ip ita tio n , fo llow ed  by ion-exchange 
chrom atagraphy and subsequently freeze -d ried  (Guildhay A n tise ra  L im ite d , 
G u ild fo rd , Surrey, UK). The freeze -d ried  preparations were resuspended in wash 
b u ffe r (1.0m l) so tha t a fin a l p ro te in  concen tra tion  o f 15m g/m l was achieved. This 
so lu tion  was then fu r th e r d ilu ted  w ith  wash b u ffe r, as required fo r Western b lo ttin g .
Peroxidase/Anti-Peroxidase Complex (Th ird  Antibodies)
Both ra b b it peroxidase/anti-peroxidase (PAP) and sheep p e rox idase /an ti­
peroxidase were prepared as described above. The availab le  preparations (Guildhay 
A n tise ra  L im ite d , G u ild fo rd , Surrey, UK) were ready fo r d ilu tio n  and use in b lo ttin g  
experim ents.
Method
SDS-polyacrylam ide gel e lectrophoresis was carried  out using m icrosom al 
or p u rifie d  samples as outlined in Section 2.4.10. The resu lting  gels (usually 10%
Washing B u ffe r:
Substrate B u ffe r:
w /v  acry lam ide) were soaked in tra ns fe r b u ffe r (lO O m l/gei) fo r  43 m inutes. This 
step was included to  a llow  any changes in the size o f the gel, due to swelling or 
shrinking, to occur before the tra ns fe r step. A c tu a l tra n s fe r was achieved by using 
a physical assembly sandwich apparatus. In essence, a sheet o f n itroce llu lose  
(0.45pm  pore size) was b r ie f ly  w e tted  w ith  tra ns fe r b u ffe r and la id  on tw o sheets o f 
w e tted  W hatmann 3MM paper, ly ing  on top o f a Scotch B rite  scouring pad. The 
whole assembly is supported by a p las tic  grid  and was submerged in tra n s fe r b u ffe r. 
The gel to be b lo tte d  was then put on the n itroce llu lose  sheet, w ith  a fu r th e r two 
sheets o f f i l te r  paper and a scouring pad being placed on top. I t  is im p o rta n t to  
ensure tha t no a ir bubbles are present between the f i l te r  and gel, due to  the 
poss ib ility  o f low  e ffic ie n c y  tra ns fe r and band d is to rtion  occurring  in those areas. 
The whole assembly was inserted in to  an e le c trop h o re tic  tra ns fe r cham ber, w ith  the 
n itroce llu lose  paper fac ing  the anode. The chamber was fille d  w ith  tra n s fe r b u ffe r 
and e le c trop h o re tic  tra ns fe r was achieved w ith  a constant vo ltage (25Volts) 
overn igh t.
A f te r  tra ns fe r was com plete the n itroce llu lose  paper was rem oved fro m  
the assembly and placed in wash b u ffe r fo r 2h (50m l b u ffe r/shee t), w ith  slow 
ag ita tio n . This was necessary to  ensure tha t b locking took place, p reventing  non­
spec ific  binding.
The trans fe rred  prote ins were detected im m uno log ica lly  a t room 
tem pera tu re  as fo llow s, a ll steps being perfo rm ed w ith  slow a g ita tio n :
1. N itroce llu lose  sheets were washed w ith  phosphate-buffered saline (PBS)
so lu tion  conta in ing 0.2% (v /v ) T rito n  X-100 and 1% (w /v) BSA; 15 m inute  
washes a t 40m l/sheet, th ree  tim es.
2. The f ir s t  antibody, ra b b it a n ti-cy toch rom e  P-450 or sheep a n ti- 
cy tochrom e P-448, was d ilu ted  app rop ria te ly  in washing b u ffe r to  a fin a l 
volume o f 50m l. The respective n itroce llu lose  sheets were then incubated 
fo r 60 m inutes in the presence o f these antibodies.
3. N itro ce llu lo se  sheets were washed as described in (1).
4. The second (bridge) antibody, donkey anti-sheep or donkey a n ti- ra b b it was 
also d ilu ted  (usually 1:100) w ith  wash b u ffe r and incubated w ith  the 
n itroce llu lose  sheets fo r 60 m inutes (50m l d ilu ted  antibody/sheet).
5. Subsequent to  incubation  v/ith  the second antibody, the n itroce llose  sheets 
were washed as in (1).
6. R abbit peroxidase/anti-peroxidase (PAP) or sheep PAP was also d ilu ted  in 
wash b u ffe r (usually 1:1000). Incubation w ith  the n itroce llu lose  sheets 
was also fo r 60 m inutes (50ml o f d ilu ted  PAP so lu tion /sheet).
7. The n itroce llu lose  sheets were washed again as described in (1).
8. A p re -substra te  washing step was included at th is po in t. This involved
washing o f the n itroce llu lose  sheets w ith  norm al phosphate-buffered 
saline (PBS) so lu tion  (no BSA or T rito n ) fo r 15 m inutes (50m l/sheet).
9. A f te r  washing w ith  PBS, the substrate so lution was added (lOOm l/sheet)
and the reaction  was allowed to proceed fo r 3 m inutes. T e rm ina tion  was 
achieved by pouring o f f  the substrate b u ffe r and im m ersing the sheets in 
ice -co ld  d is tille d  w a te r. A f te r  3-4 changes o f w a te r the sheets were
ready fo r photography.
2.4.15 Quchterlony Double-Immunodiffusion Analysis
The method is based on the fo rm a tion  o f a p re c ip itin  com plex between 
antigen and antibody (O uchterlony, 1967 and Thomas e t a l., 1976).
Reagents
Im m unod iffus ion  Media:
D epro te in iz ing  Solution:
Staining Solution:
Destain ing Solution:
0.9% (w /v) agarose 25, 80mM NaCl, 15mM 
sodium azide, 1M g lycine  and 0.2% (v /v ) 
Emulgen 911. This was adjusted to  pH 7.40 
w ith  NaOH. Once adjusted, the medium was 
boiled to  dissolve the agarose, cooled and 
stored at 4 °C  as 14.0m l a liquots.
3% (w /v) NaC l, 0.01% (w /v) sodium azide and 
0.01% (v /v ) Tween-20 in d is tille d  w ater.
1.25% (w /v) Coomassie blue R-250, 45% (v /v ) 
ethanol and 10% (v /v ) ace tic  acid in w ater.
33% (v /v ) ethanol, 13.3% (v /v ) ace tic  acid and 
53.7% (v /v ) w a ter.
Method
Glass plates (8.0 x 8.0cm) were washed w ith  de tergent, d is tille d  w a te r and 
acetone. These were gen tly  heated above a w a te r bath a t 60°C . Boiled 
im m unodiffus ion  medium (14 .0m l/p la te ) was gen tly  poured onto one warmed glass 
p la te  and le f t  to so lid ify  fo r 5 m inutes, fo rm ing  a gel o f thickness 2mm. The p lates 
were a llowed to  set fo r  a fu r th e r 10 m inutes in m oisture  boxes at room tem pera ture .
Wells (4mm d iam ete r) were punched w ith  a tem p la te  resu lting  in a pa tte rn  
o f wells w ith  centre  to  centre  distances o f 10mm. A f te r  f i l l in g  the w ells w ith  the 
appropria te  solutions (m axim a lly  25-30pl) the plates were incubated at room 
tem pera tu re  fo r at least three days in a damp box. P re c ip it in  lines present could be 
photographed on a dark background at th is stage or could be stained as described 
below:
N o n -p rec ip itin  pro te ins were washed o f f  the p la te  w ith  deprote in is ing 
so lu tion , w ith  in te rm it te n t pressings. The plates were pressed by covering  the gel 
w ith  a laye r o f w e tted  f i l t e r  paper, avoiding a ir bubbles and a 2cm laye r o f tissue 
paper. A s lig h t pressure o f about lO g/cm  was sustained by means o f a number o f 
glass p lates, fo r  a period o f 30 m inutes. A t th is stage the gel was reduced to  a fine  
f i lm  and could e ithe r be re-washed and pressed, or dried (a t 37°C  fo r lh )  as a 
prelude to sta in ing. The number o f washings (and pressings) was ro u tin e ly  3-4. 
Staining was achieved by im m ersing the plates in sta in ing so lution fo r 10 m inutes 
fo llow ed by rapid destain ing w ith  the appropria te  so lu tion. The plates were then 
a llowed to dry at room tem pera ture .
2.5 RESULTS
2.5.1 The Purification of Hepatic Microsomal Cytochromes P-450 and Reductase
(EC1.6.2.4)
Under the conditions employed fo r the p repara tion  and so lub ilisa tion  o f 
m icrosomes from  3 -m ethy lcho lan th rene- and phenobarb ita l-trea ted  ra ts , high yie lds 
o f c a ta ly t ic a lly  ac tive  cytochrom e P-450, P-448 and reductase were a tta ined  
(Tables 2.1 - 2.3).
Throughout the pu rifica tio n s , the c r it ic a l analysis o f colum n eluates by 
spectra l assay and extensive SDS-polyacrylam ide gel e lectrophoresis a llowed pools 
o f e le c tro p h o re tica lly  homogeneous p ro te in  to  be obtained. This was especia lly 
im p o rta n t in those cases where the p ro te in  was to be employed as antigen in the 
production  o f po lyc lona l antisera.
The scheme fo r the p u r if ic a tio n  o f cytochrom e P-448 (P-450^) fro m  3- 
m ethylcho lanthrene-induced animals is shown in F igure 2.1. Under the cond itions 
employed, n -oc ty lam ine  Sepharose 4B was found to  be p a rtic u la r ly  useful fo r 
separating cytochrom e P-448 from  contam ina ting  cytochrom e b^ and cytochrom e P- 
450 reductase. The fin a l e le c tro p h o re tica lly  homogeneous haem oprote in was e lu ted  
from  DEAE-Sephacel w ith  20mM phosphate b u ffe r (F igure 2.2b). The fin a l 
prepara tion  (83nmoles) gave an approxim ate 2% y ie ld  o f haem oprote in (Table 2.3).
The p u r if ic a tio n  o f cytochrom e P-450 reductase and cytochrom e P-450^ 
from  phenobarb ita l-p re trea ted  animals is shown in F igure 2.3. The use o f D EAE- 
Sephacel, as the p rim a ry  colum n, a llowed fo r the separation o f the reductase from  
the m ajor p a rt o f the contam ina ting  m icrosom al cytochrom e P-450 present (Section 
2.4.3). F in a lly , a f f in ity  chrom atography on ADP-agarose was s u ff ic ie n t to  y ie ld  the 
e le c tro p h o re tica lly  homogeneous flavop ro te in , a 30-fo ld  increase in the sp ec ific  
(cytochrom e c reductase) a c t iv ity  was observed during th is  step (Table 2.1). An 
overa ll y ie ld  o f 35% was achieved (Table 2.1).
The conco m ita n t p u r if ic a tio n  o f cytochrom e P-450^ fro m  the 
phenoba rb ita i-p re trea ted  m icrosom al preparations, proved to be m ore d i f f ic u l t  and 
involved a com bina tion  o f ca tion  exchange (CM-Sepharose C L-6B) and adsorption 
(hyd roxy lapa tite ) ch rom atography. In most o f these cases, e lu tion  o f bound 
haem oprote in was ca rrie d  out w ith  shallow continuous gradients in order to t r y  to  
resolve e le c tro p h o re tic a lly  homogeneous cytochrom e P-450.
CM-Sepharose C1-6B was found to  be p a rtic u la r ly  useful in rem oving both 
high (M > 60Kd) and low  (M < 40Kd) m o lecu lar w e ight con tam inan t p ro te ins. The 
e lu tion  o f hyd roxy lapa tite -bound  haem oprote in w ith  a shallow  (5-200m M ) phosphate 
grad ient was s u ff ic ie n t to resolve the m ajor phenobarb ita l-induced cytoch rom e  P- 
450 (F igure 2.7). A re la t iv e ly  low  y ie ld  (5nmoles or 0.01%) was achieved in th is  
instance.
The rem ova l o f Emulgen 911 fro m  p u r if ie d  p repara tions is im p o rta n t, 
since th is  non-ion ic de te rgen t is known to  a ffe c t both spectra l and c a ta ly t ic  
p roperties o f cytochrom es P-450. To th is end, a ll three p u rifie d  p repara tions were
subjected to add itiona l h yd roxy la p a tite  chrom atography (F igure 2.8). The f in a l
i
E m ulgen-free  pro te ins exh ib ited  spec ific  contents o f 10.4 (P-450 ), 8.5 (P -450^) and 
13.4 (reductase) nm oles/m g (Tables 2.1 - 2.3).
The pro te ins were stored at -80°C  w ith o u t dena tu ra tion  and were deemed
to be ready fo r extensive charac te risa tio n  experim ents.
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2.5.2 The Characterisation of Purified Cytochromes P-450, P-448 and NADPH
C ytochrom e P-450 Reductase
E le c trop h o re tic  C ha racte risa tion  o f the P rote ins
The SDS-polyacrylam ide gel e le c trop h o re tic  analysis o f the p u rified  
prepara tions a llowed fo r the de te rm ina tion  o f percentage p u r ity , in add ition  to th e ir 
m onom eric m olecu lar weights. The fo rm e r involved a c r it ic a l analysis o f gels by a 
Coomassie blue R-250 e x tra c tio n  method, as w e ll as dens itom etry . By a comparison 
o f th e ir  re la tiv e  e le c trop h o re tic  m ob ilitie s  w ith  a series o f standards (F igure 2.9), 
the m o lecu lar w eights o f the p u rified  prote ins could be determ ined. In each case, a 
number o f gels were run and the average values obtained are shown in F igure  2.9.
NADPH cytochrom e P-450 reductase was pu rified  to  g rea te r than 81% 
hom ogeneity and was characterised by a p rinc ipa l band o f m o lecu lar w e ight o f 
76.0Kd (Table 2.4). A contam inant o f m onom eric m o lecu lar w e ight 69.2Kd was also 
evident (F igure 2.10c).
C ytochrom e P-448 (P-450o) was determ ined as being g rea te r than 83% 
homogeneous (Table 2.4), the p rinc ipa l band m ig ra ting  w ith  a m o b ility  corresponding 
to 55.0Kd (F igure 2.9). On the basis o f dens itom e tric  analysis at the p ro te in  
loadings ( ~ 1 .0 pg) employed there  was no contam ina tion  fro m  e ith e r high or low 
m olecu lar w e ight polypeptides (F igure 2.10b). This was also the case at h igher 
loadings ( l - 2 pg) (results not shown).
On the o the r hand, the phenobarbita l-induced cytochrom e P-450 (P-450^) 
was characterised by a m onom eric m olecu lar w e ight o f 52.9Kd (F igure  2.9) and 
cons titu ted  approx im ate ly  71% (densitom etry) or 80% (d ye -e x trac tio n ) o f the 
p ro te in  present (Table 2.4). A m inor contam inant was present (M r 46-48Kd) (F igure 
2.10a). In overloaded gels (> 2.0]jg pro te in ) an add itiona l p ro te in  con tam inan t (40Kd)
Figure 2.9
The P lo t o f Loq -^ g M onom eric M olecular W eight (M )
Against Percentage E le c trop h o re tic  M o b ility
P rote ins were resolved on po lyacry lam ide  gels a t 10% (w /v) acry lam ide . 
The p ro te in  m o lecu lar w e ight m arkers were loaded at 0.7pg/band. A f te r  
dens itom e tric  analysis, the p lo t was constructed and the m onom eric m o lecu lar 
weights o f cytochrom e P-450, P-448 and N A D P H -cytochrom e P-450 reductase (Fp-j.) 
determ ined.
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F igure  2.10
The D e te rm in a tio n  o f the M onom eric M o lecu la r Weights (M ) 
o f P u rifie d  M icrosom al P ro te ins
The pro te ins were resolved on po lyacry lam ide  gels a t 1 0 % (w /v ) acry lam ide .
(a) P u rifie d  phenobarb ita l-cy toch rom e P-450 (0 .7 jjg )
(b) P u r if ie d  3-m ethy lcho lanth rene-P -448  (0 .8yg)
(c) P u r if ie d  reductase (l.O pg)
The gels were subsequently analysed by dens itom e try .
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Figures 2.11 &2.12
SDS-Polyacrylam ide Gel E le c tro p h o re tic  Analysis
o f Solubilised M icrosom al Suspensions
The cond itions were those m entioned in F igures 2.9 and 2.10.
m icrosom a l suspension (5 .0yg) was loaded. The p repara tions were fro m :
F ig  2.11; 3 -M e th y ich o la n th re n e -p re tre a ted  anim als
Fig 2.12; P hen ob a rb ita l-p re trea ted  animals
The gels were subsequently analysed by dens itom e try .
Solubilised
Figure 2.11
55‘2Kd 46'0Kd| £ 3 -0 Kcp
u-Am^ t J  »*«»
F i g u r e 2 . l 2
5 2 ‘O K d  
\  50*1 K d  
5 3 -5 K d \  I  46-3 K d\V f
was also evident (data not shown). By the dye e x tra c tio n  method, these 48Kd and 
40Kd polypeptides cons titu ted  about 9% and 11% o f the p repara tion , respec tive ly . 
I t  is h igh ly un like ly  th a t these are phenobarb ita l-induced cytochrom e P-450 pro te ins 
because o f the fin a l acry lam ide  concen tra tion  (1 0 % w /v ) employed in the low er 
running gel. M oreover, these polypeptides were not recognised by the ra b b it a n ti-  
cytochrom e P-450^ antisera on Western b lo ts (F igure 2.20a, lane 2) and are 
the re fo re  un like ly  to  be degradation products o f cytochrom e P-450^.
A d ire c t comparison was made o f the m o b ilitie s  exh ib ited  by the p u rifie d  
haem oproteins w ith  those displayed by the various prote ins in m icrosom al 
preparations from  3 -m ethy lcho lanth rene  and phenobarb ita l-induced animals. 
P u rified  cytochrom e P-450^ was seen to e le c tro p h o re tica lly  co -m ig ra te  w ith  the 
m ajor p ro te in  present in phenobarb ita l-induced microsomes at about 52.0Kd (F igures 
2.10a and 2.12). S im ila r ly , p u rifie d  cytochrom e P-450^ displayed a m o b ility  
comparable w ith  tha t o f the m ajor 3 -m ethy lcho lan th rene-induc ib le  m icrosom al 
p ro te in  at 55.0Kd (F igures 2.10b and 2.11). In add ition, phenobarb ita l-induced 
microsomes were characterised by pro te ins o f m onom eric m olecu lar weights o f 46.3, 
50.1 and 53.5Kd (F igure 2.12). P ro te in  bands at 46.0 and 53.0Kd were also evident in 
3 -m ethylcho lanth rene-induced m icrosom al preparations (F igure 2.11).
Spectral Studies
As a fu r th e r means o f characte risa tion  o f the two iso lated cytochrom es 
P-450 th e ir absolute absorption spectra were compared. Both haem oproteins 
displayed typ ica l b -type  cytochrom e spectra under oxidised conditions; in both cases 
the fe r r ic  spectra exh ib ited  an absorption m axim um  at 415nm (Figures 2.13 and 
2.14), c h a ra c te ris tic  o f low -sp in  haem oproteins. A lthough the d iffe rences between 
the two fe r r ic  isoenzymes rem ained subtle , there  was a d iffe re n ce  in the 
/% 1 5 :/^390nm ra t*° between the tw o preparations, which could re f le c t  a
d is s im ila r ity  between the sp in -sta te  equ ilib ria  o f th e ir  haem irons (Table 2.5). In 
both cases the ra tio  o f A^-^^:A2 ^^nm  was low  and may re f le c t the presence o f 
sp ec tra lly  undetectable  haem -free  apoprotein, but the presence o f residual Emulgen 
911 (wavelength maxim a at 280nm) cannot be excluded.
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F igure  2.13 W a v o l o n g t h  ( n m )
Absolute Absorp tion  Spectra o f P u rifie d  Cytochrom e P-448 (P -450^)
P urified  cytochrom e P-448 was d ilu ted  to a fina l concen tra tion  o f 0 .17yM  w ith
50mM potassium-phosphate b u ffe r, pH7.40, 20% (v /v ) g lyce ro l. Oxidised (------- ) and
d ith ion ite -reduced  (----- ) spectra  were recorded.
Inse t: Reduced CO d iffe re n ce  spectrum  (separate experim ent).
449-2'I
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Figure 2.14 W avalongth(nm )
Absolute Absorp tion  Spectra o f P u r if ie d  C ytochrom e P-450 (P -450^)
P urified  cytochrom e P-450 was d ilu ted  to  a f in a l concen tra tion  o f 0.19pM w ith
50mM phosphate b u ffe r, pH7.40, 20% (v /v ) g lyce ro l. Oxidised (------- ) and d ith io n ite -
reduced (——) spectra were recorded.
Inse t: Reduced CO d iffe rence  spectrum  (separate experim ent)
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Figure 2.15
Absolute Absorp tion  Spectrum  o f P u rifie d  N A D P H -C ytochrom e 
P-450 Reductase (F p y)
Absolute spectrum  was recorded under oxidised cond itions; the fin a l f la vo p ro te in  
concen tra tion  was 1.40pM in 50mM phosphate b u ffe r, pH7.40, 20% (v /v ) g lyce ro l.
In the reduced (fe rrous) s ta te  cytochrom e P-448 was characte rised  by a 
wavelength m axim um  a t 416nm, although an add itiona l absorbance m axim um  a t 
567nm was also observed (F igure 2.13). The phenobarb ita l-induced prepara tion , in 
th is  instance, exh ib ited  a m axim um  a t 421nm and an add itiona l absorption band at 
538nm (F igure 2.14). In the case o f the fo rm e r, a tim e-dependent s h ift to 416nm 
was observed (data not shown).
Under d ith ion ite -reduced  conditions, in the presence o f sa tu ra ting  carbon 
monoxide, both cytochrom es displayed intense soret peaks w ith in  the 450nm region. 
For cytochrom e P-450^ th is  was located at 449.2nm and fo r P-450c at 447.6 nm 
(Table 2.5). No cytochrom e P-420 was detected in e ithe r p repara tion  (Inset F igures
2.13 and 2.14).
The absolute absorption spectrum  o f fu lly  oxidised N A D P H -cytochrom e P- 
450 reductase is shown in F igure 2.15. Absorp tion  m axim a are observed a t 380nm 
and 454nm a ttr ib u ta b le  to the absorbance cha rac te ris tics  o f the FA D  and FM N 
p ros the tic  groups. The fin a l p repara tion  exh ib ited  an ^ g g s A ^ -^ n m  ra tio  o f 6 .8  and 
^4 5 4 :/^380nm ra ^ °  approx im ate ly  1 .0 .
Substrate Turnover Studies
R econstitu ted  enzyme systems com prising p u rified  cytochrom e P-450, 
N A D P H -cytochrom e P-450 reductase and L -a -d ilau ry lphospha tidy lcho line  o ffe re d  
the poss ib ility  o f more deta iled  studies o f the d if fe re n tia l substrate s p e c ific it ie s  o f 
cytochrom e P-450 m u ltip le  form s. The resu lts from  a typ ica l re co n s titu tio n  
experim ent are shown in tab le  2.6. R ou tine ly , systems w ith  reductase to  
cytochrom e P-450 ra tios  o f 2:1 to  20:1 were used and displayed good tu rnove r ra tes. 
For the characte risa tion  o f cytochrom es P-450^ and P-450c a number o f substrates 
were employed (Table 2.7).
Table 2.6
The R eco ns titu tion  o f 7 -E thoxyresoru fin -Q -D ee thy lase  A c t iv ity
Incubation System (a) A c t iv ity  %
nm o l/m in  per nmol P-450 A c t iv ity
Com plete  (0.5pM) 
(l.O pM ) 
(2 .0 yM )
6.40
7.60
9.00
100
119
141
C om plete  (0.5]iM )
minus P-448
minus Reductase
minus L -a -D L P C
minus 7 -E thoxyresoru fin
6.40
N D ^
ND
3.32
ND
100
52
Com plete  (5)iM  7-pen toxyresoru fin ) ND
(a) The com plete  incubation system comprised the fo llow ing  fin a l
concentra tions: L -a -d ilau ry lphospha tidy lcho line  (48 ]ig /m l) p u rifie d
reductase (0.06pM), p u rified  cytochrom e P-448 (0.029yM ) and N AD PH  
(250pM). The concen tra tion  o f 7 -e thoxyresoru fin  (substrate) is 
ind ica ted  in parentheses.
(b) ND: not de tected  under the conditions employed.
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The cytochrom e P-450c prepara tion  was shown to  display a m arked 
substrate s p e c ific ity  fo r 7 -e thoxyresoru fin , as compared to cytochrom e P-450^ 
(Table 2.7). Where studied, no m etabolism  o f la u ric  acid was observed, as compared 
to  the tu rnover ra te  o f 16.5nm ol/m in  per nmol P-450 displayed by p u rifie d  
cytochrom e P-452 fro m  c lo fib ra te -in d uce d  hepatic  m icrosomes (R Sharma, personal 
com m unication). On the o ther hand, the phenobarb ita l-induced haem oprote in was 
shown to  be more ac tive  a t m etabolis ing benzphetam ine and pentoxyresoru fin  (c f P- 
450c) (Table 2.7). The substrate 7-benzy loxyresoru fin  was m etabolised by both 
cytochrom e P-450c and P-450^ a t s im ila r tu rnover rates.
When 7-e thoxycoum arin  was employed as a substrate, i t  was found to  be 
p a rtic u la r ly  amenable fo r s teady-sta te  k in e tic  analysis. In th is  instance, 
re cons titu ted  systems conta in ing  cytochrom e P-450c or P-450^ (0 .003jjM ) were 
characterised by the « m values o f 1 0 .6 yM  and 15.9pM , respective ly  (F igures 2.16 
and 2.17).
The Im m unolog ica l C ha rac te risa tion  o f P u rifie d  C ytochrom e P-45Qcand P-450^
Im m unolog ica l techniques such as Western b lo ttin g  and enzym e-linked 
im m unosorbent assay (ELISA) have proved to  be p a rtic u la r ly  useful in the 
characte risa tion  o f cytochrom e P-450 prote ins, a llow ing  sensitive and reproducib le  
q u a lita tive  or q u a n tita tive  de tec tion  o f these haem oproteins in p u rifie d , p a r tia lly  
p u rified  or com plex (m icrosom al) suspensions.
To th is end, po lyc lona l antibodies were raised against p u rifie d  cytochrom e 
P-448 (P-450c). The antiserum  (post-boosted) was characterised by in d ire c t non­
co m p e titive  ELISA, O uchterlony double im m unodiffus ion  analysis and Western 
b lo ttin g  analysis. Fo llow ing the op tim isa tion  o f each o f these immunoassays, high 
t i t r e  (1:450,000) sheep an ti-cy toch rom e P-450c was found to  sp e c ifica lly  im m uno-
re a c t w ith  the 3 -m ethy lcho lanth rene-induced haem oprotein in both p u r if ie d  and 
m icrosom al prepara tions. Decreased re a c tiv ity  was observed w ith  m icrosomes fro m  
untreated or phenoba rb ita l-p re trea ted  animals (Table 2.8, F igure 2.20b and F igure 
2.18). H epatic  m icrosom al p reparations from  c lo fib ra te -p re tre a te d  animals also 
e lic ite d  a negative resu lt, when incubated in the presence o f an ti-cy toch rom e  P-448, 
in both ELISA and O uchterlony experim ents (data not shown). R abbit a n ti-  
cytochrom e P-450^ was shown to be spec ific  fo r the phenobarb ita l-induced 
cytochrom e P-450 in both ELISA (Table 2.9, F igure 2.19) and Western b lo ts (F igure 
2 .2 0 a).
The ELISA procedure, under the conditions employed, was shown to be 
linear fo r both the sheep (F igure 2.18) and ra b b it (F igure 2.19) po lyc lona l antisera. 
This is o f p a rtic u la r im portance fo r im m unoquantita tion  experim ents. The amounts 
o f cytochrom e P-450 coated during assay were based on th a t which was sp ec tra lly  
de tectab le  as a ferrous-carbon monoxide com plex, ie, haem-bound apoprote in . I t  
must be pointed out th a t haem -free apoprotein w il l also co n tribu te  to the im m uno- 
reaction , especia lly in the case o f the p u rified  preparations.
The m icrosom al pro te ins which are detected during ELISA must be 
id e n tifie d . Therefore  q u a lita tive  Western b lo ttin g  analysis o f the solubilised 
m icrosom al suspensions was undertaken. R abbit a n ti-cy toch rom e  P-450^ was shown 
to  de tec t tw o p rinc ipa l prote ins in phenobarb ita l-induced microsomes. The low er 
m o lecu lar w e ight band was the most intense and had s im ila r e le c tro p h o re tic  
m o b ility  to  the pu rified  cytochrom e P-450^ p repara tion  (F igure 2.20a). W ith the 
sheep an ti-cy toch rom e  P-450c two bands were also evident upon Western b lo ttin g . 
In th is  instance, the most intense was th a t o f the higher m o lecu lar w e ight 
polypeptide . P u rified  cytochrom e P-450c was seen to  co -m ig ra te  w ith  th is  p ro te in  
(F igure 2.20b).
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Figure 2.18
The L in e a r ity  o f N on -C om petitive  ELISA fo r the
Im m unodetection  o f Cytochrom es P-448
The values represent means - SD o f duplicates from  a single p la te  or, as in the case 
o f purifi-ed cytochrom e P-448 (3), means - SD o f five  d iffe re n t ELISA plates.
The absorbances at 490nm are corrected  fo r non-specific  binding w ith  
pre-im m une sheep antiserum , (1 ) p u rified  cytochrom e P-450^, (2) 3-
m ethylcho lanth rene-induced microsomes, and (3) pu rified  cytochrom e P-448 (P- 
450c ). The sheep a n ti-cy toch rom e  P-448 was d ilu ted (1:32,000) w ith  PBS- 
Tw een/ge la tine  b u ffe r, w h ile  peroxidase-labe lled donkey anti-sheep was d ilu ted  
1:13,000 w ith  the same b u ffe r.
Inse t: O uchterlony doub le -im m unodiffus ion  analysis o f solubilised microsomes from  
(2) co n tro l (3) 3 -m e thy lcho lan th rene- and (4) phenobarb ita l-p re trea ted  animals (38 
pm ol o f to ta l cytochrom e P-450) w ith  sheep anti-cy toch rom e P-448 (1) a t a loading 
o f 25y l. The am ount o f cytochrom e P-450 coated was based on tha t which was 
sp ec tra lly  de tectab le  (Omura and Sato, 1964).
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Figure 2.19
The L in e a rity  o f N on-C om petitive  ELISA fo r the 
Im m unodetection  o f P henobarb ita l-C ytochrom es P-450
The conditions are as ou tlined  in F ig u re 2 .1 8 , except tha t the p lo ts represent (1) 
p u rifie d  cytochrom e P-448 (P-450^), (2) phenobarb ita l-induced m icrosom es and (3) 
p u rified  cytochrom e P-450^.
R abbit an ti-cy toch rom e  P-450b was d ilu ted  (1:4,000) w ith  P BS-Tw een/ge la tin  
b u ffe r, as was peroxidase-labe lled donkey anti-sheep (1:13,000). The absorbances at 
490nm were co rrec ted  fo r non-specific  binding w ith  pre-im m une ra b b it antisera . 
The amount o f cytochrom es P-450 coated was determ ined spectra lly  by the m ethod 
o f Omura and Sato (1964).
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F igure  2.20
Western B lo ttin g  A nalysis o f P u rifie d  
and M icrosom al C ytochrom e P-450
P ro te in  samples were resolved by e lectrophores is  on a 10% (w /v) SDS- 
po lyacry lam ide  gel and transfe rred  e le c tro p h o re tic a lly  to n itroce llu lose . The
im m unoblots were developed w ith :
(a) rabb it a n ti-cy toch rom e  P-450^ (d ilu ted  1:2,000), donkey a n ti- ra b b it IgG
(d ilu ted  1 : 1 0 0 ) and rabb it perox idase /an ti-perox idase  (d ilu ted  1 :1,0 0 0 ).
(b) Sheep an ti-cy to ch ro m e  P-450^ (d ilu ted  1:12,000), donkey anti-sheep IgG
(d ilu ted  1 : 1 0 0 ) and sheep perox idase/an ti-perox idase  (d ilu ted  1 : 1,0 0 0 ).
Solubilised hepatic m icrosom al p repara tions were derived from  (1) 3-
m ethylcho lanthrene-and (3) phenobarb ita l-p re trea ted  anim als (1.8pg p ro te in ).
In:
(a) lane 2 : p u rified  cytochrom e P-450^ (0.14pg p ro te in ) and
(b) lane 2 : p u rified  cytochrom e P-450^ (0 . 2 1 pg p ro te in ).
2.6 DISCUSSION
C ytochrom es P-450 from  phenobarb ita l- and 3 -m e thy lcho lan th rene- 
p re trea ted  male W istar a lbino ra ts, in add ition  to N A D P H -cytochrom e P-450 
reductase, were p u rifie d  to e le c trop h o re tic  hom ogeneity em ploying a com bina tion  o f 
w e ll documented column chrom atography procedures (Guengerich and M a rtin , 1980; 
Tam burin i e t a l., 1984; Jansson et a l., 1985; Yasukochi and Masters, 1976).
The fin a l spec ific  contents o f the pu rified  haem oprote ins (8.5- 
10.4nm ol/m g) obtained are s im ila r (7 .5-18nm ol/m g) to  those docum ented by a 
number o f workers (A strom  and D eP ierre, 1985; Guengerich et a l., 1982; W o lf e t a l., 
1986; Ryan et a l., 1979; Waxman, 1986; Tam burin i et a l., 1984). The apparent 
m onom eric m o lecu lar weights (M ) observed are also in good agreem ent, considering 
the re la tiv e ly  large d iffe rences (3,500 daltons) in the apparent Mr values o f the 
same form s o f cytochrom e P-450 observed by d if fe re n t groups (Guengerich e t al., 
1982; Ryan et a l., 1982; Waxman and Walsh, 1983; Waxman, 1986). The re la tiv e  
m ig ra tion  o f ind iv idua l polypeptides during SDS-polyacrylam ide gel e lectrophoresis 
can be very sensitive to m od ifica tions in the procedure employed (Guengerich et ah, 
1982, 1979), eg, acry lam ide concen tra tion  in the low er running gel and even the 
source o f sodium dodecyl-sulphate (5DS) (A strom  and D eP ierre, 1985).
On the basis o f the m olecu lar weights exh ib ited  by the p u rifie d  
preparations (52-56Kd) one would expect a fin a l spec ific  content o f 18-20nm ol/m g, 
but in p ra c tice  th is  is not always achieved (Reviewed: Guengerich, 1979). The 
Low ry method (Low ry et al., 1951) has been known to give rise to  an o ve r-es tim a tion  
o f p ro te in  con ten t in the fin a l preparation,when compared to o ther methods such as 
amino acid com position analysis (Ryan et a l., 1975, 1978, and 1979; Guengerich e t 
a l., 1979), possibly even a fte r  compensation fo r  in te r fe r in g  substances. Secondly, 
there is o ften  loss o f haem from  the holoenzyme to  yie ld  spec tra lly  undetectab le
haem -free  apocytochrom e P-450 (Guengerich, 1979; Gibson and Tam burin i, 1986). 
C e rta in ly , the low  a^ sor^ ance ra t i ° s displayed in the absolute (oxid ised)
absorption spectra  po in t to  th is . I t  must be stated, however, th a t there  may be 
residual de te rgen t s t i l l  associated w ith  the prepara tions, since Emulgen 911 also 
exh ib its  an intense soret band at about 280nm (Tam burin i e t a l., 1984). A d d itio n a l 
evidence fo r the presence o f haem -free  apoprote in  in both p u rifie d  cy toch rom e P- 
450 prepara tions (c f, m icrosom al prepara tions) can be derived fro m  a considera tion  
o f the p lo t slopes obta ined fo r q u a n tita tiv e  ELISA (F igures 2.18 and 2.19). The 
coating  o f antigen (P-450) is based on sp ec tra lly  de tec tab le  (haem-bound) 
haem oprote in , a lthough antibodies also im m uno-reaet w ith  any haem -free  
apoprote in  present. S im ila r resu lts  have been reported  by Heuman e t a l., (1982).
A no the r im p o rta n t considera tion  is the con tam ina tion  by non-cytochrom e 
P-450 p ro te ins, which also co n tribu tes  to  the to ta l p ro te in  leve l in the sample. This 
is o f p a r tic u la r im portance  since the Coomassie blue sta in ing  procedures em ployed 
herein are not as sensitive  as contem porary ra d io m e tric  or s ilve r s ta in ing  methods 
(D r D H arper and D r C MacGeoch, personal com m unications). In both cases, the 
p u r if ie d  prepara tions were e le c tro p h o re tic a lly  homogeneous w ith in  the established 
cytochrom e P-450 m o lecu la r w e igh t range (M 51-56Kd) a t 10% (w /v ) acry lam ide , 
although tw o contam inants (M 40Kd and 48Kd) were ev iden t in the phenoba rb ita l- 
induced p repara tion  (P-450^). These polypeptides were deemed no t to  be 
phenobarb ita l-induc ib le  haem oprote ins by v ir tu e  o f th e ir  m o lecu la r w e ights a t the 
running gel acry lam ide  concen tra tion  employed (Backes e t a l., 1985; Waxman and 
Walsh, 1983). Secondly, these p ro te ins were considered not to  be degradation  
products o f cytochrom e P-450^, since they were not de tected  by the app rop ria te  
antiserum  in W estern b lo ts  (Cookson and Beynon, 1987). I t  is concluded th a t a t least 
the 48Kd po lypeptide  may represent con tam ina tion  by m icrosom al epoxide hydrolase 
(G uengerich and M a rtin , 1980). Nevertheless, the tw o contam inants  did not
co ns titu te  more than 2 0 % o f the p ro te in  present in the f in a l p reparations, w hich was 
considered su itab le  fo r charac te risa tion  experim ents. These polypeptides were 
subsequently shown not to a ffe c t the spectra l or c a ta ly t ic  p roperties o f the p u rifie d  
cytochrom e P-450^.
2.6.1 The Characterisation of NADPH-Cytochrom e P-450 Reductase
The N A D P H -cytochrom e P-450 reductase was p u rified  to a fin a l spec ific  
content o f 13.4nm ol/m g, which is in good agreem ent w ith  a number o f authors 
(Jansson e t a l., 1985; Tam burin i e t a l., 1984, 1985). In add ition , the observed 
m onom eric m olecular w e ight o f 76.0Kd is s im ila r to tha t reported  by Guengerich 
and M a rtin  (1980), Gum and Strobel (1981), Yasukochi and Masters (1976) and 
Tam burin i et al., (1984). An add itiona l polypeptide (M 69.2Kd) was observed and 
constitu ted  about 10-20% o f the p ro te in  present. This is most probably due to 
p ro te o ly tic  degradation o f the fla vop ro te in  during p u r if ic a tio n , despite the presence 
o f the serine protease in h ib ito r PMSF (Gum and Strobel, 1979, 1981) and has been 
observed by other workers (Yasukochi and Masters, 1976). That th is po lypeptide  is 
derived from  the main p ro te in  can only be unequivocally determ ined by Western 
b lo ttin g  analysis w ith  anti-reductase  antiserum . In term s o f its  f in a l spectra l
absorbance ra tios  ^ 2 8 0 :/^454 anc* ^4 5 4 :^380^ anc* sPec^ c cat aly t ic  (cytochrom e c 
reductase) a c t iv ity ,  our p repara tion  is s im ila r to tha t o f o ther w orkers (Ryan et a l., 
1984; A strom  and D eP ierre , 1985; Guengerich and M artin , 1980; Yasukochi and 
Masters, 1976) and hence was regarded as being su itable fo r re co n s titu tio n
experim ents.
2.6.2 Characterisation of Polyclonal Antisera
Techniques such as enzym e-linked im m unosorbent assay (ELISA) (W olf e t
a l., 1984a), O uchterlony double-im m unodiffusion (Thomas e t a l., 1979), rad ia l 
im m unodiffus ion  (Thomas e t a l., 1980; Bains e t a l., 1985; Heuman e t a l., 1982) and
Western b lo ttin g  analysis (Wilson et a l., 1987) have a llowed the immuno-based 
s tru c tu ra l cha rac te risa tion  o f pu rified  cytochrom es P-450 to be ca rried  out (Levin  
e t a l., 1985). W ith th is in mind, a n ti-cy toch rom e  P-448 (P-450c) polyc lona l 
antibodies were raised in sheep. In th is  instance, the absolute e le c tro p h o re tic  
hom ogeneity o f the cytochrom e P-450c was c ruc ia l, i f  th is  antigen was to  y ie ld  good 
(h ig h -titre ) spec ific  po lyc lona l antisera. The po lyc lona l nature o f the antiserum  
m eant tha t a n tigen ica lly  re la ted  cytochrom es P-450 from  w ith in  the same gene 
fa m ily  could not be d istinguished. C e rta in ly , Western b lo ttin g  analysis w ith  the 
antiserum  revealed the presence o f tw o pro te ins in 3 -m ethy lcho lanth rene-induced 
m icrosomes (F igure 2.20b). These tw o pro te ins most probably correspond to the 
im m uno-re la ted  cytochrom es P-450^ and P-450^ o f Ryan et a l., (1982), BNF-B and 
BN F/ISF-G  (Guengerich e t a l., 1982) and MC-^ and M C 2 o f W olf e t a l., (1984a). The 
two can be distinguished by em ploying 'fo rm -sp e c ific ' antisera. This could be 
achieved by a ff in ity  p u r if ic a tio n  o f the an ti-cy toch rom e  P-450^ (R eik e t a l., 1982) 
or by the ra ising o f ep itope-spec ific  m onoclonal antibodies, as has been done fo r 
cytochrom e P-450p (Park e t a l., 1986b) and e thano l-inducib le  cytochrom e P-450^^ 
(Park et a l., 1986a) and cytochrom e P-450c its e lf  (Thomas et al., 1984).
The polyc lona l nature o f the ra b b it an ti-cy toch rom e  P-450^ provided was 
also ve rif ie d  by Western b lo ttin g  analysis w ith  phenobarb ita l-induced m icrosomes 
(F igure 2.20a). The presence o f two main im m uno log ica lly  ind istingu ishab le  
cytochrom es P-450 in th is induction  state  has been reported  by a number o f w orkers 
(Ryan e t a l., 1982; Thomas e t a l., 1980; Guengerich e t a l., 1982). Nevertheless, both 
antisera  were characterised in our labora to ries by optim ised ELISA, O uchterlony 
double im m unodiffus ion and Western b lo ttin g  analysis and were shown to  be spec ific  
fo r the corresponding antigen in both p u rifie d  and m icrosom al systems. In the la t te r  
case, so lub ilisa tion  o f the pro te ins was necessary in order to  m axim ise the exposure 
o f d if fe re n t surface antigenic determ inants. A ccord ing ly , upon cha rac te risa tion ,
both the sheep and ra b b it antisera were considered su itab le  fo r the q u a lita tive  and 
q u a n tita tive  im m unolog ica l de tec tion  o f both p u rified  cytochrom es P-450c and P- 
450 ,.
2.6.3 The Characterisation of Purified Cytochrome P-450^
The system ic adm in is tra tion  o f po lycyc lic  a rom atic  hydrocarbons (PAHs) 
is known to bring about the induction  o f two p rinc ipa l cytochrom es P-450; 
cytochrom e P-450c and P-450^ (Ryan e t a l., 1982) MC^ and M C 2 (M C -^) (W olf and 
Oesch, 1983; W olf et a l., 1986) and cytochrom e BNF-B and BNF/ISF-G  (Guengerich 
et a l., 1982), although the m arg inal induction  o f add itiona l isoenzymes has been 
documented (Sakaki et a l., 1984; Seidel and Shires, 1986; Lau and Strobel, 1982).
The present cytochrom e P-448 (P-450^) p repara tion  was a low -sp in  
haem oprote in w ith  a m onom eric m olecular w e ight o f about 55.0Kd. In th is  respect, 
the prepara tion  is s im ila r to  'P -450^' (Ryan et a l., 1982), 'BNF-B ' (Guengerich e t al.,
1982), 'M C 2 ' (W olf and Oesch, 1983) and 'P-447' (Tam burin i e t a l., 1984). In each 
case these preparations are believed to be the p rinc ipa l isoenzymes present a fte r 
PAH tre a tm e n t and a number o f groups have ve rifie d  th is by im m unoquantita tion  
experim ents (Thomas e t a l., 1980, 1983; W olf e t a l., 1984a). In the Western b lo ttin g  
experim ents cytochrom e P-450c , when incubated w ith  the appropria te  antibodies, 
was seen to co -m ig ra te  w ith  the most intense (high m olecu lar w e ight) p ro te in  
present in 3 -m ethylcho lan threne-induced microsomes.
The second cytochrom e P-448 isoenzyme, ie, P-450^ (Ryan e t a l., 1982), 
has been characterised as a high-spin haem oprotein (M^ 53.0Kd), exh ib iting  low  
turnover ra tes fo r the m etabolism  o f the substrates 7 -e thoxyresoru fin  and 7- 
ethoxycoum arin  in recons titu ted  systems. The cytochrom e P-450c p repara tion  
pu rified  herein was shown to  m etabolise these substrates w ith  high tu rnover ra tes.
A t the substrate concen tra tion  (50pM) employed, th is  haem oprote in exh ib ited  a 5- 
fo ld  s e le c tiv ity  o f ca ta lys is  fo r e thoxycoum arin  when compared to  P-450^ (Table 
2.7). This has already been observed by Guengerich (1979) and co-w orkers 
(Guengerich e t a l., 1982), although a number o f authors have reported  s e le c tiv it ie s  
as high as 10-to  29-fo ld  (W olf e t a l., 1986; Ryan et a l., 1982). These d iffe rences 
may arise due to varying incubation conditions, especia lly substrate concen tra tions.
Undoubtedly, the substrate o f choice fo r the charac te risa tio n  o f 
cytochrom e P-450c was e thoxyreso ru fir The tu rnover o f 7 .6nm ol/m in  per nm ol P- 
450 under the sa tu ra ting  substrate concentra tions employed, is s im ila r to tha t 
previously reported  in our labora to ries (Tam burin i e t a l., 1984) and by others 
(Guengerich et a l., 1982; W olf et a l., 1986; Burke et a l., 1985). I t  must be pointed 
out, however, th a t tu rnover ra tes as high as 70 (W olf and Oesch, 1983) and 
240nm ol/m in per nmol P-450 (Astrom  and deP ierre, 1985) have been reported . 
These d iffe rences may also re f le c t d if fe re n tia l incubations or assay ca lib ra tio n  
conditions. The low pen toxyresoru fin -O -dea lky lase a c tiv ity  and the lack o f la u ric  
acid m etabolism , exh ib ited  by the prepara tion  is in agreem ent w ith  the find ings o f 
W olf et a l., (1986), Burke et a l., (1985) and Tam burin i e t a l., (1984).
2.6.4 Characterisation of Purified Cytochrome P-450^
The induction  o f cytochrom e P-450 by phenobarb ita l is ra th e r m ore 
com plex and o ften  presents problems during p u r if ic a tio n  and as many- as seven 
isoenzymes have been p u rifie d  from  hepatic m icrosom al preparations (Backes e t a l., 
1985; W olf et a l., 1986; Waxman and Walsh, 1983; Guengerich et a l., 1982). To date, 
tw o  m ajor isoenzymes have been characterised: cytochrom es P-450^ and P -450g
(Ryan et a l., 1982), P-450 PB^a and P B ^  (W olf e t a l., 1986), P-450 PB-4 and PB-5 
(Waxman and Walsh, 1983), P-450 PB-B and PB-D (Guengerich e t a l., 1982) and P- 
450 PBRLM5 and PBR LM 6 (Backes et a l., 1985).
The cytochrom e P-450^ p u rified  in our labo ra to ry  was p r im a rily  a lo w - 
spin haem oprote in, a lthough the ^ 4 ^5 ^ 3 9 5  absorbance ra tio  observed in the 
absolute ( fe rr ic )  absorption spectra ind icated the presence o f a high-spin com ponent 
(Table 2.5). In add ition , th is  p repara tion  was d is tin c t from  p u rif ie d  cytochrom e P- 
450c in term s o f both im m uno log ica l re a c tiv ity  (in ELISA and Western b lo ts) and 
m onom eric m olecu lar w e ight. On the basis o f these findings, the p repara tion  can be 
considered to be s im ila r to th a t previously reported  in our labora to ry  (Tam burin i e t 
a l., 1984). C ytochrom e P-450^ was shown to  be c a ta ly t ic a lly  com petent a t 
m etabolis ing a number o f substrates when incubated w ith  pu rified  reductase and L - 
c t-d ilaury lphosphatidy lcho line . The benzphetam ine N -dem ethylase and e thoxyreso ru fin -O - 
deethylase turnovers (Table 2.7) are s im ila r to previously found in our labora to ries  
(Gibson and Tam burin i, 1986 and Tam burin i e t a l., 1984). The 4 -fo ld  s e le c tiv ity  o f 
benzphetam ine fo r cytochrom e P-450^ over tha t observed w ith  P-450c is s im ila r to  
th a t observed by Guengerich et a l., (1982) and W olf e t al., (1986). A g rea te r 
(m ax im a lly  7 -fo ld ) s e le c tiv ity  was observed w ith  pen toxyresoru fin , although the
actua l tu rnover was low er than tha t observed upon incubation o f e thoxyresoru fin  
w ith  cytochrom e P-450c . This has been previously shown w ith  m icrosom al 
suspensions in our labora to ries (C hapter 3) and others (Burke and Mayer, 1983), as 
w e ll as w ith  pu rified  preparations from  W istar s tra in  ra ts  (W olf e t a l., 1986). 
However, Burke et a l., (1985) have shown tha t th e ir p rinc ipa l phenobarb ita l-induced 
cytochrom e P-450 (PB-B) and BNF-induced cytochrom e P-448 (BNF-B) are
characterised by s im ila r turnover rates fo r the m etabolism  o f pentoxy and
ethoxyresoru fin , respective ly . In th is instance, however, the haem oproteins were
derived from  male Sprague-Dawley ra ts  and these discrepancies may arise as a 
resu lt o f s tra in  d iffe rences. C e rta in ly , i t  has been known fo r some tim e  th a t there  
exists s tra in  d iffe rences w ith  regards the induction  o f cytochrom es P-450 by 
phenobarb ita l (Wilson e t a l., 1987) and th a t the p rinc ipa l phenobarb ita l-induced 
isoenzymes from  these sources exh ib it ce rta in  subtle d iffe rences in term s o f th e ir
s tru c tu ra l ch a ra c te ris tics  (Vlasuk et a l., 1982). The low er tu rnover displayed fo r the 
m etabolism  o f pen toxyresoru fin  by the p repara tion  from  the W istar a lbino s tra in  
may re f le c t these s tru c tu ra l d iffe rences.
In con trast, benzyloxyresorufin  was m etabolised by both cytochrom e P- 
450c and P-450^ w ith  near id e n tica l tu rnover ra tes. In th is respect, the resu lts were 
in good agreem ent w ith  those reported  by W olf e t a l., (1986) and Burke at a l., (1985). 
It  is now considered th a t only the m ajor phenobarb ita l-induc ib le  isoenzyme, eg, 
cytochrom e P-450 PB-^g (W olf et a l., 1986), PB-B (Burke et a l., 1985) exh ib its  a 
tu rnover ra te  s im ila r to tha t o f cytochrom e P-450c when incubated w ith  this 
substrate.
The substrate 7-ethoxycoum arin  was shown to be p a rtic u la r ly  useful fo r
the add itiona l cha racte risa tion  o f the pu rified  haem oproteins by steady-sta te  k in e tic
analysis, since its  ch a ra c te ris tic  « m and Vmgx param eters have been determ ined by
other groups (Guengerich, 1978) and hence allows fo r a fu rth e r comparison o f the
p u rified  cytochrom e P-450 preparations. The K m and Vmgx values obtained fo r
cytochrom e P-450c and P-450^ are shown in Figures 2.16 and 2.17. That these tw o
haem oproteins exh ib ited  s im ila r a ff in it ie s  (K ) f ° r th is substrate is in good
agreem ent w ith  the previously documented findings o f Guengerich (1978), who
employed the p rinc ipa l P-450 fra c tio n  from  p henoba rb ita l-(frac tion  PB-B) and 3-
m ethylcho lanthrene (fra c tio n  3M C -B )-pre trea ted  animals. In this instance, fra c tio n
3MC-B was characterised by a K and V o f 36pM and 14.9nm ol/m in per nmol P-3 m max K r
450 respective ly . Cytochrom e P-450 PB-B exh ib ited  the fo llow ing  values fo r these 
param eters, respective ly , 27.1pM and 4 .1nm ol/m in  per nmol P-450. S im ila r 
tu rnover ra tes w ith  ethoxycoum arin  have been reported fo r the PB-4 prepara tions o f 
Waxman and Walsh (1983) and P-450 PB^a o f W olf et a l., (1986).
C o lle c tive ly , these resu lts  provide evidence tha t the present cytochrom e 
P-450^ prepara tion  corresponds to the m ajor phenobarb ita l-induc ib le  isoenzyme 
p u rifie d  by a number o f d if fe re n t groups: cytochrom e P-450^ (Ryan et a l., 1982), P- 
450 PB-B (Guengerich, 1978, 1982), PB3g (W olf e t a l., 1986), PB-B2 (Burke e t al., 
1985), cytochrom e P-450 (Tam burin i e t a l., 1984) and PB-4 (Waxman and Walsh,
1983).
This conclusion is fu r th e r supported by resu lts from  SDS-polyacrylam ide 
gel e lectrophoresis experim ents; p u rified  cytochrom e P-450^ co -m ig ra ted  w ith  the 
p rin c ip a l p ro te in  present in phenobarb ita l-induced microsomes, w ith in  the m olecular 
range 51-56Kd. In add ition , both these prote ins were s im ila rly  detected on Western 
b lo ts w ith  the ra b b it po lyc lona l antiserum .
2.6.5 Conclusions
In conclusion, a fte r  so lub ilisa tion  and the app lica tion  o f extensive column 
chrom atography pro toco ls, hepatic m icrosom al cytochrom es P-448 (P-450^) and P- 
450 (P-450^) were pu rified  from  3-m ethy lcho lan th rene- and phenobarb ita l-induced 
male W istar a lbino ra ts, respective ly . Both preparations were essentia lly  
e le c tro p h o re tica lly  homogeneous and on the basis o f c a ta ly t ic , im m uno log ica l, 
spectra l and e lec tropho re tic  (m inim um  m olecu lar w e ight) c r ite r ia  were 
characterised as the p rinc ipa l cytochrom e P-450 isoenzymes present in these 
induction  states.
CHAPTER 3
THE IN TERACTIO NS OF THE N-SUBSTITUTED IM IDAZO LES, 
C LO TR IM A ZO LE, M ICONAZOLE AND KETOCONAZOLE W ITH  
H EPA TIC  MICROSOMAL CYTOCHROMES P-450
3.1 IN TR O D U C TIO N
C u rre n tly , the isoenzym ic natu re  o f the m am m alian cytochrom es P-450 is 
believed to  arise fro m  a su pe r-fa m ily  o f genes (N ebert and Gonzalez, 1985; N ebert 
e t a l., 1987). As fa r as the m etabo lism  o f xenob io tic  compounds is concerned, by fa r  
the tw o m ost ex tens ive ly  stud ied  form s are those belonging to  the two m ain gene 
fam ilie s : the phenobarb ita l-induc ib le  cytochrom es P-450 (in the ra t, cy tochrom es P- 
450^ and P-450e) and the p o lya ro m a tic  hydrocarbon-inducib le  cytochrom es P-448 (in  
the ra t, cytochrom es P -450c and P-450^) (Ryan e t a l., 1982).
Fo llow ing  th e ir  successful so lub ilisa tion  and p u r if ic a tio n , i t  has been 
established th a t these tw o fo rm s o f haem oprote in  d if fe r  s tru c tu ra lly  and in te rm s o f 
th e ir  substrate s p e c ific it ie s  (Ryan et a l., 1982; Dus, 1982; Guengerich e t a l., 1982). 
A lack o f X -ra y  c rys ta llog raphy  data in the  so lid  s ta te  has necessita ted an in d ire c t 
approach to  the ch a rac te risa tio n  o f the d iffe rences  between the a c tive  s ites o f 
cytochrom es P-448 and P-450. One approach has been to  consider the s tru c tu ra l o r 
m o lecu lar geom etries o f isoenzym e-se lective  m olecules; substrates, in h ib ito rs  and 
inducers. To th is  end, com puter graph ic techniques have revealed th a t cy tochrom es 
P-448 in te ra c t essen tia lly  w ith  p lanar m olecules but not w ith  bu lky, non-p lanar 
m olecules, whereas cytochrom es P-450 in te ra c t w ith  g lobu la r m olecules (Lew is  e t 
a l., 1986). These d iffe rences  are believed to  cause these haem oprote ins to  p lay 
con tras ting  ro les in the b io a c tiva tio n  o f drugs and chem ica l carcinogens (P h illipson  
et a l., 1982; Ioannides et a l., 1984; Parke e t a l., 1986).
The 1 -substitu ted  im idazo les, ke toconazo le , c lo tr im a zo le  and m iconazo le , 
are now w e ll established drugs fo r the tre a tm e n t o f top ica l and system ic mycoses 
(Vanden Bossche e t a l., 1984). The fu n g is ta tic  ac tion  occurs by v ir tu e  o f the fa c t  
th a t these im idazo le  de riva tives  are potent in h ib ito rs  o f the m icrosom al cy toch rom e
P-450-dependent 14a -dem ethy la tion  o f lanoste ro l during ergostero l biosynthesis, 
which leads to  membrane d isruption and subsequent in h ib itio n  o f ce ll g row th  (Henry 
and Sisler, 1984; Vanden Bossche et a l., 1984). The in h ib ito ry  potency o f these 
compounds is by no means re s tr ic te d  to fung i, since in h ib itio n  also occurs w ith  a 
number o f m am m alian cytochrom e P-450-dependent a c tiv it ie s , inc lud ing  s tero id  
m etabolism  in gonadal (Suresh e t al., 1985), p lacen ta l (Mason e t a l., 1985) and 
adrenal tissues (Loose et al., 1983) as w e ll as the hepatic m icrosom al m etabolism  of 
a va rie ty  o f xenob io tic  compounds (M ered ith  e t al., 1985; Kahl e t a l., 1980; Sheets 
and Mason, 1984).
A fu l l cha rac te risa tion  o f the in h ib ito ry  mechanisms invo lved is im p o rta n t 
since c lin ic a lly  re levan t J_n vivo drug-drug in te rac tions  have been associated w ith  
these compounds. (Niemegeers et a l., 1981; W hiting e t a l., 1985; M ered ith  e t al., 
1985; Sonino, 1987).
A t present, fo r  compounds such as c lo trim a zo le , m iconazole and 
ketoconazole, there  is a lack o f in fo rm a tion  concerning possible cytochrom e P-450 
isoenzym e-se lective in te rac tions. To th is end, bearing in m ind the ac tive  s ite  
considerations m entioned previously, the aim o f the present study was to :
(a) Evaluate the e ffectiveness of these three antifunga ls at in h ib itin g  in v it ro  
the m ixed -func tion  oxidase a c tiv it ie s  associated w ith  hepatic m icrosom al 
cytochrom es P-448 and phenobarb ita l-induc ib le  cytochrom es P-450.
(b) To establish i f  any o f these compounds e xh ib it any s e le c tiv ity  tow ards the 
members o f one o f the above mentioned cytochrom e P-450 gene fam ilie s .
3.2 M ATERIALS
C lo tr im a zo le  (Sigma Co, Poole, D orset, UK), hexobarb ita l (May and Baker 
L td , Dagenham, Essex, UK), sa fro le  (Hopkin and W illiam s L td , Chadw ell Heath, 
Essex, UK), were a ll purchased. M ico n azo le -n itra te  and ketoconazole were the 
generous g if ts  fro m  Janssen Pharm aceutica ls (Wantage, Oxon, UK) and a ll o ther 
chem ica l, reagents, substrates and co fac to rs  were purchased from  com m erc ia l 
sources at the best obta inab le  grade (C hapter 2).
3.3 METHODS
3.3.1 Animals and Animal Pretreatm ent
Male W istar albino ra ts  (200-250g) were obtained fro m  the A n im a l 
Breeding U n it (U n ive rs ity  o f Surrey). Throughout the study animals were kept in 
constant env ironm enta l conditions o f 45-33% hum id ity  and 21°C, w ith  an au tom a tic  
12h lig h t/d a rk  cycle . They were a llowed tap w a te r and food (D ie t: Lab 1, Labsure, 
Lavender H il l,  Cambs, UK) ad lib itu m . The induction  o f hepatic m icrosom al m ixed- 
func tion  oxidases was achieved by in tra pe rito n ea l a dm in is tra tion  o f e ithe r 
phenobarb ita l-sod ium  in d is tille d  w a te r (80m g/kg) or 3 -m ethy lcho lanth rene  in corn 
o il (25m g/kg) da ily  fo r three days, w h ile  con tro l animals rece ived only corn o il. A ll 
animals were k ille d  by ce rv ica l d is location  24h a fte r  the las t adm in is tra tion .
For the ex vivo in h ib itio n  study, m ale W istar albino ra ts  (140-160g) were 
also employed. The induction  o f hepatic m icrosom al m ixed -func tion  oxidases was 
achieved as ind ica ted  above. 24h a fte r  the last adm in is tra tion  o f phenobarb ita l or 
3 -m ethy lcho lanth rene, h a lf o f the animals in each group rece ived a single 
in tra p e rito n e a l dose of c lo trim a zo le  in corn o il (lOOmg/kg or 290 ]jm o l/kg ). The 
rem ain ing anim als received the corresponding volume (1.0m l) o f veh ic le . A ll 
animals were k ille d  by ce rv ica l d is location  2h a fte r the adm in is tra tio n  o f 
c lo trim a zo le .
In a ll cases^the live rs  were im m ed ia te ly  excised and washed in ice -co ld  
1.15% (w /v) KC1. A f te r  being b lo tted  dry and scissor m inced, the hepatic  tissue was 
m otor homogenized using a P o tte r-E lveh jem  g lass-te flon  homogeniser and a 25% 
(w /v) homogenate was subsequently prepared. A ll procedures were ca rried  out as 
rap id ly  as possible on ice.
3.3.2 The Preparation of Hepatic Microsomal Suspensions
The p repara tion  o f hepatic m icrosom al suspensions was ro u tin e ly  ca rried  
out by ce n trifu g a tio n  (Ioannides and Parke, 1973). Previously prepared 25% (w /v ) 
homogenates were spun at 9,000xg (11,000 rpm ) fo r 20 m inutes, em ploying a 
Beckman J2-21 ce n trifu g e  (w ith  a JA -17 fixe d  head ro to r). The re su ltan t post- 
m itochond ria l supernatant or 'S9 fra c tio n ' was gen tly  p ipe tted  o f f  the p e lle t and 
stored as aliquots (5.0m l) at -20°C .
M icrosom al suspensions were derived from  thawed S9 fra c tio n s  by
u ltra c e n tr ifu g a tio n  at 45,000 rpm  fo r lh ,  em ploying a Beckman L5-65 
u ltra ce n trifu g e  (w ith  60Ti or 65Ty fixed  head ro tors). The supernatant (cytoso l) was 
discarded and the m icrosom al pe lle t resuspended by hand hom ogenisation in 0.1M 
potassium-phosphate b u ffe r (pH 7.40), to  the o rig ina l volum e. M icrosom al
suspensions were ca re fu lly  m ainta ined on ice at a ll tim es u n til requ ired . O ften
m icrosom al pe lle ts  were stored in p e lle t fo rm  in phosphate b u ffe r, a t 4°C , overn igh t 
w ith o u t loss o f c a ta ly t ic  a c tiv ity .
Washing o f m icrosomes, fo r spectra l binding studies, invo lved  an
add itiona l spin at 45,000 rpm  fo r 60 m inutes, again resuspending the f in a l p e lle t in 
0.1M phosphate (pH 7.40). Washing is im p o rta n t to remove excess haemoglobin and 
possibly endogenous cytochrom e P-450 ligands, a ll o f which can in te r fe re  w ith  
spectra l t itra tio n s .
3.3.3 The Determ ination of Microsomal Mixed-Function Oxidase A ctiv ities
The methods ind icated below are based on those previously described in 
Chapter 2 and have been adapted fo r  m icrosom al suspensions; a ll reactions were 
ca rried  out a t 37°C .
7-E thoxycoum arin -Q -D ee thy iase  A c t iv ity
This is based on the d ire c t f lu o ro m e tr ic  methods o f U llr ic h  and Weber
(1972). The f in a l in cuba tion  m ix tu re  (2 .0m l) com prised:
0.1M T ris -H C l b u ffe r , pH 7.6 1 .80m l
M icrosom al suspension 25% (w /v ) 0 .05 -0 .10m l
7-E thoxycoum arin  ( Im M  in a 25% (v /v ) m e thano l- 
b u ffe r so lu tion ) 0 .1 0 m l
H aving recorded  a baseline, during p re -incuba tion  fo r  2-3 m inu tes, the 
reac tion  was s ta rte d  w ith  lO y l o f a N A D PH  so lu tion  (lO m M  in  1% w /v  N aH C O ^) ancj 
the in it ia l lin e a r ra te  was recorded. The f lu o r im e te r  was c a lib ra te d  by the  add ition  
o f a known am ount o f 7 -hydroxycoum arin  ( l y l  o f a 0.2mM so lu tion  in b u ffe r)  to  a 
com ple te  incuba tion  m ix tu re , w h ich  was devoid o f substra te .
R o u tin e ly , a f in a l sa tu ra tin g  substra te  co n ce n tra tio n  (50pM ) was 
em ployed w ith  a f in a l m icrosom a l p ro te in  co ncen tra tion  o f 0 .2 3 -0 .31 m g /m l. F o r the
de te rm ina tion  o f K m and V max a f in a l sub-sa tu ra ting  co n c e n tra tio n  range (0.3- 
40yM ) o f substra te  was used.
M icrosom al Q -D e a lky la tion s  o f Phenoxazone E thers: 7 -P e n to xy re so ru fin  and 7- 
E thoxyresoru fin
The m e tabo lism  o f 7 -pen toxyreso ru fin  and 7 -e th o x y re s o ru fin  were 
dete rm ined  by the  d ire c t f lu o ro m e tr ic  m ethod o f Burke e t a l., (1985) and Burke and 
M ayer (1983). The f in a l incuba tion  m ix tu re  (2 .0m l) com prised:
0.1M T r is -H C l b u ffe r , pH 7.60 
M icrosom al Suspension (25% w /v )
Substrate (Im M  so lu tion  in  DMSO)
1.80m l 
0 .0 2 -0 . lm l  
0 .0 1 m l
A fte r  se tting  up a baseline, during a 2-3 m inute incubation  period, the
reaction  was in it ia te d  w ith  sa tu ra ting  N AD PH  (lO p l o f a 50mM so lu tion  in 1% w /v
NaHCO-^). The flu o r im e te r was ca lib ra ted  by adding 3pl a liquots o f reso ru fin  (4.9 x
10  ^M so lu tion  in m ethanol) to  an incubation  system com prising o f b u ffe r and
m icrosom al suspension only. R ou tine ly , f in a l sa tu ra ting  concentra tions o f
e thoxyresoru fin  (l.O pM ) and pentoxyresoru fin  (2.5pM ) were employed. For the
de te rm ina tion  o f K and V fin a l sub-satura ting  concentra tions were used; m max
e thoxyresoru fin  (0 .008-0.25yM ) and pen toxyresoru fin  (0.016-0.50jjM). In a ll cases 
substrate was added dissolved in d im ethyisu lphoxide (DMSO), such th a t the fin a l 
volume did not exceed 0.5% (v /v). The fin a l m icrosom al p ro te in  concentra tions 
were 0 .04-0 .1m g/m l and 0.16-0 .22m g/m l fo r  the m etabolism  o f the e thy l and pen ty l 
ethers o f phenoxazone, respective ly . The actua l concentrations depended on the 
source of m icrosomes.
M icrosom al Benzphetam ine N -D em ethylase A c t iv ity
The m ethod fo r the dete rm ina tion  o f benzphetam ine m etabo lism  was 
based on tha t employed fo r  recons titu ted  systems (Haugen et al., 1975). The f in a l 
incubation  m ix tu re  (1 .0 m l) comprised the fo llow ing :
50mM Potassium-Phosphate B u ffe r, pH7.25 
M gC l2 (150mM)
Benzphetam ine-H ydroch loride  (15mM)
M icrosom al Suspension 25% (w /v)
A fte r  a 5 m inute pre -incubation  period, the reac tion  was s ta rted  w ith  
40p l o f NAD PH  (40mM solution in 1% NaHCO^). The reaction  was allowed to 
proceed fo r exac tly  10  m inutes (the m axim um  period o f lin e a r ity )  and was 
te rm ina ted  w ith  0.5m l o f 12.5% (w /v) ice -co ld  tr ic h lo ro a c e tic  acid. Samples were 
m ixed and allowed to  stand fo r 5 m inutes on ice. P re c ip ita te d  p ro te in  was then
0 . 6 6 m l
0 .1 0 m l
0 . 1 0 m l
0 .1 0 ml
removed by ce n trifu g a tio n  fo r 15 m inutes a t 3,000 rpm . Form aldehyde fo rm ed was 
determ ined by the m ethod o f Nash (1953) (C hapter 2).
N o rm a lly  a fin a l substrate concen tra tion  o f 1.5mM was employed at a 
f in a l p ro te in  concen tra tion  o f 0 .4 -0 .6m g/m l.
In V itro  Inh ib itio n  Studies
The jn  v it ro  in h ib itio n  o f hepatic m icrosom al m ixed -func tion  oxidase
a c tiv ity  invo lved adding the antifunga ls (dissolved in d im ethylsu lphoxide or
d im e thy lfo rm am ide ) to  the com plete  incubation system, a fte r  the add ition  o f
sa tu ra ting  substrate and before in it ia t io n  w ith  NADPH. The fin a l concentra tions o f
solvent employed (< 1.0% v /v ) did not g re a tly  a ffe c t m icrosom al a c tiv it ie s . The
in h ib ition  param eter I^g, the concen tra tion  o f in h ib ito r needed to  in h ib it  enzyme
a c tiv ity  by 50%, was determ ined from  a p lo t o f percentage a c tiv ity  against Log-^g o f
- 8 - 4in h ib ito r concen tra tion  (10~ - 10" M). A ll a c tiv it ie s  were expressed re la tiv e  to
co n tro l incubations, which contained only so lvent, plus the com plete  incubation  
system. Due to  the com plex nature o f the m icrosom al suspensions, no a tte m p t was 
made to  determ ine the type o f in h ib ition  (com pe titive , non -co m p e titive  or 
otherw ise) or the in h ib ito ry  constant (K j) values.
D e te rm ina tion  o f K in e tic  Param eters K and V -----------------------------------------------------------------m—;------max
M ichaelis constants (K ) and m axim al ra tes o f c a ta ly tic  a c t iv ity  (V _  )m max
were determ ined by the linea r p lo t methods o f L inew eaver-Burke or Hanes (Engel, 
1981).
The fo rm e r invo lved p lo ttin g 1 . . 1— aqainst —
V § ]
The lin e a r Hanes tra ns fo rm a tio n  involved p lo tt in g  against l£] ,
where [s] is the f in a l substra te  concen tra tion  present in the incuba tion  m ix tu re  and 
V is the in it ia l ra te  o f re a c tion  a t the p a rtic u la r value o f (sf) em ployed.
3.3.4 Microsomal Spectral Binding Studies
A ll spectra  were recorded a t 23°C  em ploying a C a ry -V a rian  U V /v is ib le  
spectropho tom ete r, model 2200. M icrosom es were d ilu ted  w ith  0.1M phosphate 
b u ffe r (pH 7.40) to  a f in a l cy tochrom e P-450 concen tra tion  o f 1 .0 -1 .3 ]iM  (0.9- 
1 .5m g/m l p ro te in ).
Spectra l T itra tio n s
Spectra l t it ra t io n s  were ca rried  out under oxidised cond itions (Schenkman, 
1970). Washed m icrosom al suspensions were d ilu ted  and d iv ided equa lly  between 
tw o  m atched qua rtz  (4 .3m l) cuvettes. Having recorded a baseline between 350 nm 
and 500 nm, the ligand (dissolved in DMF or DMSO) was added in 2 -5 y l a liquo ts to  
the sample cu ve tte , the same volume o f so lvent was added to  the re fe rence  cuve tte . 
The spectra  were then recorded. Each tim e  the absorbance d iffe re n ce  (AA) between 
wavelength m axim a and m in im a was recorded. The fin a l co nce n tra tio n  o f so lvent 
never exceeded 0.8% (v /v ). Upon spectra l t it ra t io n ,  the apparent spectra l 
d issociation constant, K g (yM ) and ex ten t o f binding (A A m ax) were dete rm ined  by 
the Hanes p lo t m ethod (Hanes, 1932). This involves p lo tt in g  to ta l (added) ligand 
concen tra tion  [L ] ] t /A A  against to ta l ligand concen tra tion  [ l ]  t . The in te rc e p t on 
the [L [] t /A A  axis gives K s/A A m ax. When Q J t /A A  = the in te rc e p t o f the C k )t 
axis represents -K s*
The Hanes p lo t is based on the lin e a r trans fo rm a tio n  (equation  1) o f the 
basic hyperbo lic  ligand binding curve ( [ L ] t  vs described by equation  2, by
analogy w ith  enzyme k in e tics  (Schenkman, 1970):
AA AA AAmax max
&A = [ | ] t . | L ] t  (2)
'< + P
Where (e ]| = to ta l enzyme concen tra tion  
[L ] = to ta l ligand concen tra tion
= concen tra tion  added to  cuve tte  = & - V  P b
The above equations (1 and 2) describe the equ ilib rium  between ligand (L) 
and p ro te in  (E), where K ^ /K +j  = K .
K +i
L f  + E =  E -L b 
K -1
E xpe rim en ta lly , during spectra l binding studies, i t  is not possible to  
d if fe re n tia te  between the concen tra tion  o f free  ligand or 'e q u ilib riu m  ligand
concen tra tion ' and tha t o f bound ligand In a ll cases i t  is assumed th a t there  is
no ligand depletion e ffe c ts  and □  t  »  i - J  or th a t H -] t  approxim ates [ l ]  f  
(P arry et a l., 1976).
A t  the end o f the spectra l t it ra t io n  the percentage sa tu ra tion  o f binding 
o f the ligand to cytochrom e P-450 was ca lcu la ted  (equation 3).
^  f in a l x 100 (3)
Where A A ^ . .^  is the observed fin a l AA upon spectra l t i t r a t io n  and AAmgx 
is the m axim al binding determ ined g raph ica lly . R ou tine ly , the percentage 
sa tu ra tion  was 85-95%.
In the case o f type I ligands i t  was possible to de term ine the percentage
of to ta l m icrosom al cytochrom e P-450 invo lved in binding. This invo lved using the 
e x tin c tio n  c o e ff ic ie n t o f l l l m M - "*' (Ebel a t a l., 1978), and was defined re la tiv e  to 
the concen tra tion  o f haem oprote in determ ined spec tra lly  (Omura and Sato, 1964).
Recording o f B inding Spectra Under Reduced Conditions
M icrosomes were s im ila r ly  d ilu ted  and divided between tw o m atched 
cuvettes. A few  granules o f sodium d ith io n ite  were added to both cuve ttes and a 
baseline recorded (400-500nm). The ligands at sa tu ra ting  concen tra tion  were added 
to  the sample cuve tte . The same volume o f solvent was added to  the re ference  
cuve tte  and spectra  were subseguently recorded.
3.3.5 Other Analytical Procedures
Tota l m icrosom al cytochrom es P-450, b,- (Omura and Sato, 1964), p ro te in  
concen tra tion  (Low ry e t al., 1951) and N A D P H -cytochrom e c reductase a c t iv ity  
(Gibson and Schenkman, 1978) were determ ined by the methods ind ica ted  (C hapter 
2). R ou tine ly , these methods were employed to  determ ine the c a ta ly t ic  v ia b ility  o f 
the m icrosom al suspensions before experim ents were ca rried  out.
3.3.6 The Statistical Analysis of Data
The s ta tis t ic a l analysis o f data was ro u tine ly  ca rried  out by the unpaired 
Student's t- te s t method, using the tw o -ta ile d  t-d is tr ib u to rs .
3.4 RESULTS
3.4.1 Spectral Binding Studies
T itra t io n  o f liv e r m icrosomes w ith  the antifunga ls , m iconazole , 
c lo trim a zo le  and ketoconazole , resu lted  in the fo rm a tio n  o f type  II d iffe re n ce  
spectra. B inding o f the drugs to hepatic m icrosomes o f phenoba rb ita l-p re trea ted  
ra ts was characterised by peak, isosbestic and trough wavelengths o f 428nm, 418nm 
and 396nm respective ly  fo r m iconazole and c lo tr im a zo le , and 427nm, 416nm and 
392nm fo r ketoconazole . S im ila r spectra were obtained w ith  m icrosomes from  3- 
m ethy lcho lanth rene  p re trea ted  animals. Upon spectra l t it ra t io n , monophasic Hanes 
plots were obta ined w ith  a ll three compounds, w ith  both types o f m icrosom al 
preparations, a lthough deviations from  lin e a r ity  were observed fo r c lo tr im a zo le  and 
m iconazole w ith  phenobarb ita l-induced microsomes at low ligand concen tra tions 
(<1.2yM ) (F igure 3.1).
The values fo r the apparent spectra l d issociation constant (K ) and e x te n t 
o f binding ) fo r  a ll three ligands w ith  both phenobarb ita l- and 3-
m ethylcho lanth rene-induced microsomes are shown in Table 3.1. W ith  a ll th ree  
an tim yco tics  there  was no s e le c tiv ity  w ith  regard to the binding to phenobarb ita l-o r 
3 -m e thy lcho lan th rene-induc ib le  cytochrom es P-450.
Under d ith ion ite -reduced  conditions a ll three compounds, w ith  both 
phenobarb ita l- and 3 -m ethy lcho lanthrene-induced preparations e lic ite d  spectra  w ith  
a m axim um  at 422nm. Under these conditions, the highest s e le c tiv ity  fo r  the 
phenobarb ita l-induced p repara tion  was a tta ined  w ith  c lo trim a zo le  (Table 3.2).
H exobarb ita l and sa fro le  were used to  sa tu ra te  the substrate binding sites 
o f cytochrom es P-450 in m icrosomes from  phenobarb ita l- and 3-
m e thy lcho lan th rene-p re trea ted  animals respec tive ly , since these compounds were
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Figure 3.1
Hanes P lo ts fo r the Binding o f C lo trim azo le , M iconazole and 
Ketoconazole  to M icrosomes from  Anim als P re trea ted  w ith  
Phenobarb ita l and 3-M ethylcho lanth rene
Washed m icrosomes were d ilu ted  w ith  0.1M phosphate b u ffe r (pH 7.43) to 
1 .3nm o l/m l. Spectra l t itra t io n s  were ca rried  out under oxidised conditions. The 
resu lts  are expressed as means - SEM fo r 4 animals.
The p lo ts represent the binding o f (a) m iconazole, (b) ketoconazole and (c) 
c lo tr im a z o le , dissolved in d im e thy lfo rm am ide , to hepatic m icrosom al preparations 
from  anim als p re trea ted  w ith  phenobarbita l ( f i l le d  symbols) and 3- 
m ethy lcho lan th rene  (open symbols).
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Hanes P lo ts fo r the Binding o f Safro le  and H exobarb ita l 
to H epatic  M icrosom al P reparations
Washed microsomes were d ilu ted  w ith  0.1M phosphate b u ffe r (pH7.45) to  a f in a l 
concentra tion  o f 1 .3nm ol/m l. (a) Binding o f hexobarb ita l to  hepatic  m icrosom es of 
animals p re trea ted  w ith  phenobarbital. (b) B inding o f sa fro le  to hepatic  m icrosom es 
from  animals p re trea ted  w ith  3 -m ethy lcho lanth rene. Spectral t itra t io n s  were 
carried  out under oxidised conditions.
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In te ractions o f Im idazole  A n tifu n ga l Agents w ith  Phenobarb ita l- 
induced M icrosomes Before and A f te r  Satura tion  o f the Type I 
Substrate-B inding Site w ith  H exobarb ita l
(-----------) Both cuvettes contained microsomes fro m  phenobarb ita l-p re trea ted  ra ts ,
but (a) ketoconazole, (b) m iconazole and (c) c lo tr im a zo le  at a f in a l co nce n tra tio n  o f
3yM  were added only to the tes t cuve ttes. (-------) Both cuve ttes  conta ined
microsomes from  phenobarb ita l-p re trea ted  ra ts  and hexobarb ita l (2.5m M ) but the 
im idazo le  ligand (3pM) was added only to the test cuve tte .
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In te rac tions o f Im idazole  A n tifu n ga l Agents w ith  3 -M ethy lcho lan th rene  
Induced M icrosomes Before and A f te r  Saturation of the Type I 
Substrate Binding Site w ith  Safrole
(---------) Both cuvettes contained microsomes from  3-m ethy lcho lan th rene-induced
ra ts, but (a) ketoconazole, (b) m iconazole and (c) c lo tr im a zo le  at a fin a l
concentra tion  o f 3yM  were added to test cuvettes only. (----- ) Both cuve ttes
contained microsomes from  3-m ethylcho lanthrene-induced anim als and sa fro le  
(0.39m M ), but the im idazole agent (3pM) was only added to the test cu ve tte .
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Figure 3.5
E ffe c t  o f Im idazo le  A n tifu n qa l Agents on the Spectra l In te ra c tio n  
o f H exoba rb ita l w ith  H epatic  M icrosom es from  P henobarb ita l-
P re trea ted  Rats
(--------- ) Both cuvettes conta ined m icrosomes fro m  phenobarb ita l-induced anim als,
but hexobarb ita l (2.5m M) was added only to the test cuve tte . (----- ) Both cuve ttes
conta ined phenobarb ita l-induced microsomes and (a) ketoconazo le , (b) m iconazo le  
and (c) c lo tr im a zo le  a t a f in a l concen tra tion  o f 3pM.
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E ffe c t o f Im idazole  A n tifu n ga l Agents on the Spectral In te ra c tio n  
o f Safrole w ith  H epatic  M icrosomes fro m  Rats P re trea ted  w ith  
3-M ethylcho lanth rene
(--------- ) Both cuvettes contained microsomes from  3-m ethy lcho lan th rene-induced
rats, but sa fro le  (0.39mM) was added only to the test cuve tte . (----- ) Both cuve ttes
contained m icrosomes from  3-m ethylcho lanthrene-induced anim als and (a) 
ketoconazole, (b) m iconazole and (c) c lo tr im a zo le  at a fina l concen tra tion  o f 3yM .
shown to  s im ila r ly  e lic it  a type I spectra l pe rtu rba tion  (F igure 3.2). The add ition  o f 
hexobarb ita l at sa tu ra ting  concentra tions to phenobarb ita l-induced microsomes 
resu lted  in an increase in the spectra l in te ra c tio n  o f c lo tr im a zo le  and m iconazole, 
which was accompanied by a disappearance o f asym m etry, narrow ing o f the trough 
and s h ift o f the isosbestic po in t to the low er wavelength o f 414nm (F igure 3.3), the 
e ffe c t being less marked fo r ketoconazole. S im ila r wavelength sh ifts , but less 
pronounced, were observed at sa tu ra ting  concentra tions o f sa fro le  w ith  3- 
m ethylcho lanth rene-induced m icrosomes (F igure 3.4). A more q u a n tita tive  approach 
to the above study revealed th a t the g reatest s e le c tiv ity  fo r the phenobarb ita l- 
cytochrom es P-450 was observed w ith  m iconazole (Table 3.3).
The e ffe c ts  o f the three im idazoles on the type I binding o f hexobarb ita l 
and sa fro le  to  phenobarb ita l- and 3 -m ethy lcho lanth rene-induced microsomes 
respec tive ly , were also investiga ted . A t a concen tra tion  o f 3pM , c lo tr im a zo le  and 
m iconazole were shown to  cause a marked decrease in the binding o f hexobarb ita l 
(F igure 3.5); here ketoconazole also exh ib ited  a less pronounced e ffe c t. These 
changes re fle c te d  a marked reduction  in the percentage o f cy tochrom e P-450 
binding hexobarb ita l in the presence of these antifunga ls (Table 3.4).
The a b ility  o f sa fro le  to  bind to  m icrosom al cytochrom es P-448 was not 
g rea tly  a lte red  by a ll three an tim yco tics  (F igure 3.6, Table 3.4).
3.4.2 Inhibition of Hepatic Microsomal Mixed-Function Oxidase A ctiv ities
Before ca rry ing  out the in h ib itio n  studies w ith  the an tim yco tics , the 
chosen m ixed -func tion  oxidase substrates had to  be characterised in tw o  ways: (i) 
by th e ir  s e le c tiv ity  fo r  the phenobarb ita l-induced and 3-m ethy lcho lanth rene-induced 
m icrosom al preparations, and (ii) in term s o f k in e tic  param eters K m and Vm gx.
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The adm in is tra tion  o f phenobarb ita l resu lted in s ig n ifica n t increases in 
the to ta l m icrosom al cytochrom e P-450 content (Table 3.5) compared w ith  co n tro l 
animals. 7 -E thoxyresoru fin  and 7-pen toxyresoru fin -O -dea lky lase  a c tiv it ie s  were 
c le a rly  se lec tive  fo r the 3 -m e thy lcho lan th rene- and phenobarb ita l-induc ib le  
cytochrom es P-450 respec tive ly . On the o ther hand, 7 -e thoxycoum arin  was shown 
to be a substra te  fo r both fam ilie s  o f cytochrom e P-450 (Table 3.5). The 
de te rm ina tion  o f c a ta ly t ic  a c t iv ity  a t sub-saturating concentra tions a llowed fo r a 
de te rm ina tion  of re la tive  substrate a ff in it ie s  (K ). 7 -P entoxyresoru fin  and 7- 
e thoxyresoru fin  exh ib ited  very s im ila r a ff in it ie s  fo r th e ir respective  spec ific  
m icrosom al prepara tions (Table 3.6), the only m ajor d iffe rences were observed in 
term s o f 7-E thoxycoum arin  was found to e xh ib it a 10-fo ld  higher a f f in ity  fo r
the 3-m ethylcho lanth rene-induced preparations compared w ith  m icrosom es from  
phenobarb ita l-p re trea ted  animals. In a ll cases, under the conditions employed, only 
monophasic Hanes plots were obtained (results not shown).
The e ffe c ts  o f the m v itro  add ition  o f m iconazole, c lo tr im a z o le  or 
ketoconazole on the ox ida tive  m etabolism  o f m icrosomes from  phenobarb ita l- and 3- 
m e thy lcho lan th rene-p re trea ted  animals was also investiga ted. A ll th ree  compounds 
were shown to be po ten t inh ib ito rs  o f a ll o f the a c tiv it ie s  studied. A com parison o f 
the values shows c le a rly  th a t in a ll cases ketoconazole is the weakest in h ib ito r. 
When the substrate 7-e thoxycoum arin  was employed, w ith  both phenoba rb ita l- and 
3 -m ethylcho lanthrene-m icrosom es, c lo tr im a zo le  was a much more po ten t in h ib ito r 
o f the phenobarb ita l-induced preparations (Table 3.7) and s im ila r, a lthough less 
pronounced, e ffe c ts  were observed w ith  m iconazole and ketoconazole (F igures 3.7 
and 3.8). When the substrates pen toxyresoru fin  and e thoxyresoru fin  were em ployed
fo r the phenobarbita l and 3 -m ethylcho lanth rene  induced microsomes resp ec tive ly ,
O
c lo trim a zo le  and m iconazole were shoWn to be more se lec tive  fo r the fo rm e r (Table 
3.8), th is  was not the case w ith  ketoconazole (F igure 3.9 and 3.10).
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Figure 3.10
The Inh ib ition  by A n tifu n qa l Agents o f 7 -P en toxyreso ru fin -Q - 
Deaikylase A c t iv ity  in H epatic  M icrosomes from  Anim als 
P re trea ted  w ith  Phenobarb ita l
Results are expressed as means - SEM (represented by bars) fo r  4 animals and are 
re la tiv e  to a co n tro l incubation, which was ca rried  out in the presence o f 0.5% (v /v ) 
DMSO. In th is instance, the a c tiv ity  was determ ined as 233 - 36pm ol/m in  per nm ol 
P-450. ( A)  c lo tr im a zo le , ( ■ )  m iconazole and ( • )  ke toconazole . The fin a l
m icrosom al cytochrom e P-450 concen tra tion  was 0.19 -0 .02yM .
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The I^g values obtained w ith , benzphetam ine as the substrate fo r the 
phenobarb ita l-induced microsomes were 10 to  100-fo ld  higher than those observed 
fo r pen toxyreso ru fin  (Table 3.8, F igure 3.11).
In the case o f c lo tr im a zo le , the above m v itro  studies were extended to 
include an ex vivo in h ib itio n  study; c lo trim a zo le  was sys tem ica lly  adm inistered to 
animals previously p re trea ted  w ith  phenobarbita l or 3 -m ethy lcho lanth rene  2h before 
s a c rifice . The adm in is tra tion  o f c lo trim a zo le  to  3-m ethy lcho lanth rene-induced ra ts 
caused a m arked decrease in the O -deethyla tions o f e thoxycoum arin  and 
e thoxyresoru fin . No e ffe c t was observed upon the NADPH-dependent reduction  o f 
cytochrom e c, cytochrom e P-450 content or cytochrom e b^ con ten t (Table 3.9). 
When adm inistered to phenobarb ita l-p re trea ted  ra ts , c lo trim a zo le  gave rise to an 
even g rea te r in h ib ito ry  e ffe c t w ith  pen toxyresoru fin  and ethoxycoum arin  
m etabolism . Once again there was no s ig n ifican t decreases in N A D P H -cytochrom e 
c reductase a c tiv ity , cytochrom e P-450 or b^ contents (Table 3.9). In none o f the 
above preparations did c lo trim a zo le  exh ib it a spec tra lly  de tectab le  com plex (data 
not shown). In both induction  states, c lo tr im a zo le  was also shown not to have any 
e ffe c t on the ra te  o f binding o f carbon monoxide to  ferrous cytochrom e P-450 (data 
not shown).
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3.5 DISCUSSION
The fa c t th a t the N -subs titu ted  im idazo le  an tifunga l agents, m iconazo le , 
c lo tr im a zo le  and ketoconazo le , were po ten t in h ib ito rs  o f the hepa tic  m icrosom al 
m ixe d -fu nc tio n  oxidase system is in agreem ent w ith  the find ings o f a num ber o f 
authors (Razzouk e t a l., 1978; Sheets and Mason, 1984; M ered ith  e t a l; 1985). The 
purpose o f the present study was to ascerta in  i f  these agents show s e le c tiv ity  
towards the phenobarb ita l-induc ib le  cytochrom es P-450 (PB -cytochrom es P-450) or 
the p o lycyc lic  a rom a tic  hydrocarbon-induc ib le  cytochrom es P-448, tw o  o f the m a jo r 
fam ilie s  o f th is  cy tochrom e (N ebert e t a l., 1987).
3.5.1 Inhibition of MFQ A ctiv ity
7-E thoxyresoru fin  is now a w e ll established, h igh ly  s p e c ific  m a rke r fo r  the 
cytochrom es P-448 (G uengerich e t a l., 1982; Ph illipson e t a l., 1984; Burke e t a l., 
1985), w h ile  the N -d e m e thy la tio n  o f benzphetam ine has been ro u tin e ly  used to  
dete rm ine  the a c t iv ity  o f the phenobarb ita l-cy toch rom es P-450 (Lu e t a l., 1972; 
Ryan et a l., 1982; Guengerich et a l., 1982). However, recen t studies have shown 
th a t 7 -pen toxyresoru fin  is a fa r  superio r m arke r substra te  fo r  the m a jo r 
phenobarb ita l-induc ib le  cytochrom es P-450^ and P-450g (Lubet e t a l., 1985; Burke 
e t a l., 1985; W o lf e t a l., 1986). Indeed hepa tic  m icrosom es fro m  phen ob a rb ita l- 
p re trea ted  anim als exh ib ited  a 200-fo ld  increase over co n tro l m icrosom es in the 
dea lky la tion  o f 7 -pen toxyreso ru fin  com pared to  on ly a 50% increase in 
benzphetam ine m etabolism  (Table 3.5). These find ings c o n firm  the s e n s itiv ity  o f 
th is  f lu o r im e tr ic  assay over the m ore conven tiona l c o lo r im e tr ic  m ethods (L u be t e t 
a l., 1985). In add ition , since the dete rm ined  k in e tic  param eters fo r p en toxy reso ru fin  
(w ith  phenobarb ita l-induced m icrosom es) and 7 -e th o xy re so ru fin  (w ith  3- 
m ethy lcho lanth rene-induced m icrosomes) are s im ila r, a d ire c t com parison o f the 
in h ib ito ry  potency o f the an tifunga ls  may be made (Table 3.6).
When the I^g values fo r the in h ib itio n  o f e thoxyresoru fin  and 
pen toxyresoru fin  are compared, c lo tr im a zo le  and m iconazole were more se lec tive  
towards the phenobarb ita l-induced preparations (Table 3.8). However, a g re a te r 
s e le c tiv ity  o f in h ib ition  fo r the phenobarb ita l-induced microsomes was observed 
when ethoxycoum arin  was employed as substra te . This was the case fo r a ll th ree  
compounds (Table 3.7). In th is instance, tw o im po rtan t fac to rs  must be considered: 
f irs t ly ,  the 10-fo ld  d iffe re n ce  in the K m values obtained fo r both types o f 
m icrosomes w ith  th is  substrate (Table 3.6). Therefore  d iffe rences in the observed 
in h ib ito ry  potencies between phenobarb ita l- and 3 -m ethy lcho lantn rene-induced 
m icrosomes could be a ttr ib u te d  to d iffe rences in the a ff in ity  o f the substra te , not 
the in h ib ito r. Secondly, ethoxycoum arin  has been shown to be m etabolised by 
cytochrom e P-450 isoenzymes other than the m ajor cytochrom es P-450g or P -450g, 
present a fte r p henoba rb ita l-p re trea tm en t (W olf e t a l., 1986). Bearing these points 
in m ind, the g reatest s e le c tiv ity  fo r the phenobarb ita l-induced pro te ins was a tta ined  
w ith  c lo trim a zo le  and to  a lesser ex ten t, m iconazole and ketoconazole . The fa c t 
tha t c lo tr im a zo le  se lec tive ly  inh ib ited  the phenobarb ita l-induc ib le  cytochrom es P- 
450 is in agreem ent w ith  Kah l e t al., (1980). In v ivo however, ketoconazole has been 
shown to be a b e tte r in h ib ito r o f the cytochrom es P-448-dependent ca ffe in e  N - 
dem ethy la tion  than o f the cytochrom es P-450-dependent am inopyrine N - 
dem ethy la tion  (M ered ith  et al., 1985).
A number o f cytochrom e P-450 inh ib ito rs  have been shown to  act 
d if fe re n t ia lly  on monooxygenase reactions in phenobarb ita l-s tim u la ted  m icrosomes 
on the one hand, eg, metyrapone (Testa and Jenner, 1981), and in 3- 
m e thy lcho lan th rene-s tim u la ted  microsomes on the other hand, eg a -naph tho flavone  
(Testa and Jenner, 1981). The in h ib ito ry  ac tion  o f c lo trim a zo le , m iconazole  and 
ketoconazole is not re s tr ic te d  to a d is tin c t induction  s ta te  o f the liv e r  and, in th is  
respect, resemble the e llip tic in e s  (Lesca et a l., 1979) although these have been
shown to  e xh ib it a degree o f s e le c tiv ity  fo r the cytochrom es P-448 (D e la forge et al., 
1980).
3.5.2 The Ex-Vivo Inhibition of MFQ A ctiv ity  by C lotrim azole
C lo trim azo le  was also shown to be a potent ex v ivo in h ib ito r o f m ixed 
fun c tio n  oxidase a c tiv it ie s . The a dm in is tra tion  o f th is compound to ra ts 2h before 
sa c rifice  resulted in the marked in h ib ition  o f the 3 -m ethylcho lanth rene-induced 
m etabolism  o f e t ’noxyresoru fin  and e thoxycoum arin  and an even g rea te r in h ib itio n  o f 
the phenobarb ita l-induc ib le  cytochrom e P-450-associated a c tiv it ie s  (Table 3.9). A t 
the c lo tr im a zo le  dose studied, the degree o f s e le c tiv ity  fo r the phenobarb ita l- 
inducib le  cytochrom es P-450 was in agreem ent w ith  the previous in v itro  findings. 
In th is respect, c lo tr im a zo le  resembled the 3 -m ethy lcho lan th rene-induc ib le  
cytochrom es P-448 se lective  inh ib ito rs , 9 -h yd ro x y le lllip tic in e  (D e la forge et a l., 
1980) and quinacrine (Thabrew and Ioannides, 1984) and the phenobarb ita l-induc ib le  
cytochrom es P-450 se lective  in h ib ito r, chloroquine (Thabrew and Ioannides, 1984). 
The system ic adm in is tra tion  o f c lo tr im a zo le  did not in h ib it the NADPH-dependent 
reduction  o f cytochrom e c (Table 3.9). This lack o f in h ib ition  o f e lec tron  tra n s fe r to 
the te rm in a l e lec tron  acceptor, cytochrom e P-450, has been shown fo r ketoconazole 
and m iconazole in v itro  (Mason e t a l., 1985; Sheets and Mason, 1984). Therefore  
binding d ire c tly  to  cytochrom e P-450, as in the jn  v itro  case, is the p rinc ipa l 
mechanism o f the ex vivo in h ib itio n  o f m ixed -func tion  oxidase a c tiv ity .  That 
c lo trim a zo le  is present in m icrosomes a fte r  2h is in agreement w ith  the findings o f 
R it te r  and F rank lin  (1987a), although the exact concentrations o f the drug (present 
herein) are unknown. In none o f the preparations studied was there observed any 
sp ec tra lly -de tec tab le  complexes (data not shown). In add ition, c lo trim a zo le  did not 
s ig n ific a n tly  a ffe c t the ra te  o f binding o f carbon monoxide (Omura and Sato, 1964) 
to  d ith ion ite -reduced  phenobarb ita l- or 3 -m ethylcho lanthrene-induced m icrosomes 
(data not shown). These resu lts ind icate  tha t at least carbon monoxide could
displace the an tifunga l or its  m e tabo lite  from  the ac tive  s ite  o f cy toch rom e P-450, 
th is was ev iden tly  not the case w ith  the type  I substrates employed.
The ex v ivo  in h ib ito ry  potency o f c lo tr im a zo le  suggests th a t i t  may give 
rise to drug in te rac tions  by in h ib itin g  the m etabolism  o f o the r co ncu rren tly  
adm in istered drugs, leading to accum ula tion  and appearance o f to x ic ity .  However, 
c lo tr im a zo le  is used m ain ly as a top ica l an tifunga l agent and i t  is un like ly  th a t high 
enough concentra tions are achieved sys tem ica lly . O ral a dm in is tra tio n  o f 
ketoconazole , on the o ther hand, has led to a number o f c lin ic a lly  re levan t drug 
in te rac tions  (W hiting et a l., 1985; Sonino, 1987).
3.5.3 Computerqraphics Study
The phenobarb ita l-induc ib le  and po lycyc lic  a rom atic  hydrocarbon (P A H )-
inducib le  cytochrom es P-450 are known to  have d iss im ila r substrate binding sites
(Dus, 1982; Phillipson e t al., 1982) and as a resu lt e xh ib it marked d if fe re n t substra te
s p e c ific ity  (Ioannides e t a l., 1984). Molecules th a t in te ra c t se le c tive ly  w ith
cytochrom es P-448 are essentia lly  planar, having a large area/depth ra t io  and sm all
depth, w h ile  phenobarb ita l-cytochrom es P-450 display a broader s p e c ific ity
2accom m odating bulky, non-planar molecules characterised by sm all a rea/depth  
ra tios  and large depth (Lew is £ t  a l., 1986). A consideration o f the m o lecu la r 
dimensions (Table 3.10, F igure 3.12) and m olecu lar o rb ita l energies (Table 3.11) 
shows tha t c lo tr im a zo le  and m iconazole, in p a rticu la r, are s im ila r to o the r w e ll 
known phenobarb ita l-cytochrom e P-450 se lective  molecules (F igure 3.13). The 
bulky, non-planar nature o f these compounds may explain th e ir observed in h ib ito ry  
se le c tiv it ie s . One im po rtan t fa c to r to note is tha t the s tru c tu ra l considerations 
m entioned here are not re fined  enough to d if fe re n tia te  between m olecules se lec tive  
fo r members o f the e thano l-inducib le  or p regneno lone-16a-carbon itrile  (PC N )- 
inducib le cytochrom es P-450.
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Figure 3.12
Space-Filled Models o f Ketoconazole, M iconazole and C lo tr im a zo le
The PLUTO com puter program  was used to draw the models and the fo llo w in g  Van 
der Waals' rad ii were used to  generate com puter graphical p lo ts  o f the m o lecu lar 
geom etries: carbon 1.6a , hydrogen 1.2$, oxygen 1.4$ and n itrogen  1.5$. The 
im idazo le  n itrogen  is ind icated (see legend to  Table 3.10).
Table 3.11
M olecu lar O rb ita l C a lcu la tions fo r Ketoconazole, M iconazole and C lo trim azo le
Compound
M olecular O rb ita l (MO) Energy (eV)
E(HOMO E(LEMO) AE
Ketoconazole -11.2 2.0 13.2
C lo trim azo le - 9.6 3.4 13.0
M iconazole -12.1 1.9 14.0
P-448 Selective:
9 -H yd ro xye llip tic in e - 9.1 1.1 10.2
7 -E thoxyresoru fin - 9.1 -0.7 8.4
P-450 Selective:
M etyrapone -11.9 2.4 14.3
Dexamethasone -11.2 1.7 12.9
P regneno ione-16a-carbon itrile -11.6 2.9 14.5
'E(LEMO)' is defined as the energy o f the low est em pty m olecular o rb ita l. 'E(HOM O)' 
is the energy o f the highest occupied m olecular o rb ita l. AE = E(HOMO) - E(LEMO). 
Energies were determ ined by a Com plete N eg lect D if fe re n tia l O verlap (CNDO) 
m ethod. The data was provided by D F V Lewis.
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P lo t o f A rea /D ep th  Against Leng th /W id th  fo r Cytochrom e 
P-448- and P -450-Selective Molecules
1: Benzene, 2: Im idazole , 3: O leandom ycin, 4: P henobarb ita l, 3: N -P heny lim idazo le , 
6: M etyrapone, 7: P regneno lone-16a-C arbon itrile , 8: Dexamethasone, 9:
Pregnenolone, 10: Benzphetam ine, 11: C ho lestero l, 12: P en toxyreso ru fin , 13:
Lanostero l, 14: Isoniazid, 13: 7 -E thoxycoum arin, 16: 8-N aphthoflavone, 17: 9-
H yd ro xye llip tic in e , 18: 3 -M ethy lcho lanth rene, 19: 2 ,3 ,7 ,8 -T e tra -
C hlorodibenzo-p-D ioxin, 20: 7 -E thoxyresoru fin , and 21: Benzo(a)pyrene.
C lo trim azo le  ( ± ) ,  m iconazole (■ )  and ketoconazole  ( • )  are also ind ica ted .
Molecules which are se lective  fo r the e thano l- and p regneno lone-16a-ca rbon itrile - 
induced cytochrom es P-450 are not d iffe re n tia te d  from  those which are se lec tive  
fo r the phenobarb ita l-cytochrom es P-450 (Lew is et a l., 1986).
3.3.4 Spectral Binding Studies
W ith both types o f m icrosomes and w ith  a ll substrates, ketoconazole  was
always the weakest in h ib ito r, which is in agreem ent w ith  o ther studies em ploying
d if fe re n t substrates. C lo trim azo le  and m iconazole have been shown to be much
more po ten t in h ib ito rs  o f the in v ivo m etabolism  o f m e thohex ita l and acenocoum arol
than ketoconazole  (N iem egeers e t al., 1981). S im ila rly , c lo tr im a zo le  and
m iconazole were also more potent in h ib ito rs  than ketoconazole o f the
phenobarb ita l-induced hepatic  m icrosom al 16ct/16 6 -hyd roxy la tion  o f
androstenedione (Sheets e t a l., 1986) and the cytochrom e P-450-dependent
aromatase a c tiv ity  o f human p lacen ta l m icrosomes (Mason et al., 1985). I t  has been
suggested tha t the in te ra c tio n  o f im idazoles w ith  cytochrom e P-450 depends upon
the access ib ility  o f the non-bonded, or lone pa ir, e lectrons o f the n itrogen  at
position  3 o f the im idazole  ring (Rogerson et a l., 1977). The m o lecu lar p lo ts show
c le a rly  tha t th is n itrogen is re la tiv e ly  s te r ic a lly  hindered in the case o f
ketoconazole (F igure 3.12), thus provid ing  a plausible explanation fo r the re la tiv e ly
low  in h ib ito ry  potency o f th is agent. However, our spectra l data do not lend support
to th is  mechanism, since the K and AA values are s im ila r fo r  a ll th ree  ’ s max
im idazoles in both induction  states (Table 3.1). A more deta iled  study w il l 
necessitate a consideration o f add itiona l fac to rs  such as the hydrophob ic ity  o f these 
an tim yco tics , as measured by the lip id -w a te r p a r tit io n  c o e ff ic ie n t (log P). This has 
a lready been done fo r a series o f benzim idazoles (L it t le  and Ryan, 1982). There is 
considerable evidence to suggest tha t the substrate binding s ite  o f cytochrom e P- 
450 is closely associated w ith  the membrane environm ent o f the endoplasm ic
re t ic u li (Parry e t a l., 1976). C e rta in ly , ketoconazole and m iconazole have been 
shown to d if fe re n t ia lly  in te ra c t w ith  a r t i f ic ia l d ip a lm ito y l phosphatidylcholine  
monolayers (Brasseur e t a l., 1983).
A ll three compounds displayed type II spectra l pertu rba tions w ith  both 
phenobarb ita l- and 3-m ethy lcho lanth rene-induced preparations. This has been 
a ttr ib u te d  to the reve rs ib le  lig a tio n  o f these im idazoles via the lone pa ir e lectrons 
o f the n itrogen at position  3, to the 6th (axia l) coord ina tion  s ite  o f the haern o f 
fe rr icy to ch ro m e  P-450 (Rogerson et a l., 1977, Schuster, 1985). The spectra  obtained 
were a com bination  o f both type Ha and lib  spectra. The two have been associated 
w ith  the binding to  fe rricy to ch rom e  P-450 in both high and low  spin states, 
respective ly  (Je fcoa te  e t a l., 1974). In m icrosomes th is  leads to  spectra  w ith  the 
observed broad tro ' ghs. Type II m e c tra l changes have now been associated w ith  
fe rr icy to ch ro m e  P-450 haem -iron sp in-sta te  changes (Gibson and Tam burin i, 1984); 
essentia lly  a high to low sp in-sta te  tra ns ition . Therefore the mechanism o f 
in h ib ition  can be envisaged as p rim a rily  being com petition  between the ligand and 
m o lecu lar oxygen fo r the haem o f cytochrom e P-450. In add ition , the trapp ing o f 
fe rricy to ch rom e  P-450 in an a r t i f ic ia l low -sp in  b inary complex causes the reduction  
o f the haem oprote in, by the reductase fla vop ro te in , to  be more d if f ic u l t  (Guenther 
e t a l., 1980). There may also be com petition  w ith  the substrate fo r the apoprote in  
substra te-b ind ing  s ite .
An in te res ting  observation was tha t the expe rim en ta lly  derived Hanes 
plots obtained from  phenobarb ita l-m icrosom es deviated from  lin e a r ity  only in the 
case o f c lo trim a zo le  and m iconazole and only at the low  concentra tions o f ligand 
(<1.2pM). S im ila r observations w ith  m iconazole have been reported  by Lavrijsen  et 
a l., (1987). C u rre n tly , th is  phenomenon remains unexplained. One poss ib ility  is tha t 
one is ac tu a lly  observing ligand deple tion e ffe c ts , since the K g values obtained are 
approxim ating the fin a l concen tra tion  o f haem oprotein employed (~ 1 .0 jiM). For a ll 
three compounds monophasic p lo ts were observed upon spectra l t i t ra t io n  w ith  3- 
m ethylcho lanthrene-induced microsomes. This is in con tras t to  the biphasic p lo ts 
obtained w ith  m iconazole and ketoconazole by Lavrijsen and co-w orkers (1987). In
th e ir  studies the fin a l cytochrom e P-450 concen tra tion  employed was 4.0]_iM and 
m arked ly h igher ligand concentra tions (<100jjM) were used. Biphasic binding is not 
re s tr ic te d  to the induced sta te , since a number o f authors have reported  s im ila r 
resu lts w ith  m icrosomes from  untrea ted  animals (M ered ith  e t a l., 1985; Schuster, 
1985; Lavrijsen  et a l., 1987). B iphasic binding may re f le c t e ithe r the presence of 
m u ltip le  form s or sub-populations o f m icrosom al cytochrom e P-450, exh ib iting  
d if fe re n t a ff in it ie s  fo r the ligand, or binding to two sites o f the cytochrom e(s) P- 
450; the haem type II s ite  and a second site  on the apoprotein a t the substra te - 
b inding or type I s ite  (Hajek e t a l., 1982). Due to m ethodolog ica l lim ita tio n s  these 
spectra l binding data must be in te rp re te d  w ith  caution (Parry e t a l., 1976). One 
approach may be to employ rad io labe lled  ligands w ith  p u rified  cytochrom e P-450 
prepara tions in the hope tha t problem s such as: (i) m icrosom al cytochrom e P-450 
m u lt ip lic ity ,  ( ii)  m icrosom al lip id -w a te r biphasic e ffe c ts  are n u llif ie d , and ( ii i)  th a t a 
b e tte r es tim a tion  o f the concentra tions o f bound and free  ligand is made. This has 
already been achieved w ith  N -phenylim idazo le  (W ilkinson et al., 1983).
B inding spectra studies were also ca rried  out under (i) reduced conditions, 
and (ii)  in the presence o f sa tu ra ting  concentra tions o f w e ll known type I ligands, in 
order to  more closely re f le c t the conditions present during the in h ib itio n  studies. 
Under sodium d ith ion ite -reduced  conditions a ll three compounds e lic ite d  spectra  
w ith  a wavelength m axim um  at 422nm (Table 3.2). S im ila r resu lts  have been 
p reviously reported  fo r the binding o f c lo trim a zo le  to phenobarb ita l-induced 
m icrosomes (Kahl e t a l., 1980). No absorbance band s im ila r to  th a t e lic ite d  by 
m etyrapone (L iu  and F rank lin , 1985) was observed at 446nm. In term s o f the 
m agnitude o f the spectra l in te rac tions  observed (measured as AA ^ ^  490nm^’ 
c lo tr im a zo le  exh ib ited  the greatest s e le c tiv ity  fo r the phenobarb ita l-induced 
preparations (Table 3.2). These findings suggest th a t the in te ra c tio n  o f these ligands 
w ith  ferrous cytochrom e P-450 must also be considered and may lead to  isoenzym e- 
se lec tive  in te rac tions  (c f: binding to  fe rricy to ch rom e  P-450).
Under oxidised conditions, and in the presence o f sa tu ra ting  
concentra tions o f (2500pM) hexobarb ita l, the three an tim yco tics  were shown to  bind 
d if fe re n t ia l ly  w ith  the phenobarb ita l-induced preparations (Figures 3.3 and 3.5). 
These observations may ind ica te  tha t c lo tr im a zo le  and m iconazole, and to a lesser 
ex ten t ketoconazole , may e xh ib it an add itiona l type I component, ie, bind to the 
substrate binding site  which is believed to reside on the apoprote in (Schenkman, 
1970). S im ila r results have been obtained fo r  N -geranylim idazo le  (Palm er and 
Cawthorne, 1974). Upon spectra l t it ra t io n  a ll th ree  antifunga ls (Table 3.1) exh ib ited  
a 100-fo ld  g rea te r a f f in ity  fo r the phenobarb ita l-induced m icrosomes than 
hexobarb ita l (F igure 3.2), the re fo re  one would expect s im ila r degrees o f type I 
ligand d isp lacem ent in a ll three cases (Soliman e t a l., 1974). The d if fe re n t ia l 
e ffe c ts  observed (F igure 3.5) suggest tha t, in add ition  to type II (haem) binding, a 
type I (apoprotein) binding component is involved. C e rta in ly , c lo tr im a zo le  was 
able to more read ily  bind to high-spin hexobarbita l-bound fe rr ic y to ch ro m e  P-450 
than ketoconazole (F igure 3.3).
One m ajor po in t o f in te res t is tha t a ll o f the above co m p e titio n  spectra 
studies were ca rried  out at concentra tions o f an tifunga l (3.0pM ) which were w e ll 
w ith in  the linear portion  o f the obtained Hanes p lo ts. This suggests tha t type I 
binding may play a subtle ro le  in an tifunga l cytochrom e P-450 in te rac tio n s  and 
cannot be detected using the conventiona l spectra l binding techniques (Schenkman, 
1970). Ketoconazole  exh ib ited  the weakest type I in te ra c tio n  which may explain a t 
least p a rtly  why th is  im idazole  was a re la tiv e ly  weaker in h ib ito r o f the oxidase 
a c tiv it ie s  and also exh ib ited  the least s e le c tiv ity  fo r the phenobarb ita l-cytochrom es 
P-450.
In order to determ ine i f  c lo trim a zo le , m iconazole and ketoconazole 
e lic ite d  a type I in te ra c tio n  w ith  3 -m ethylcho lanthrene-induced m icrosomes, s im ila r
experim ents were ca rried  out w ith  sa fro le . The resu lts were less pronounced than 
w ith  the phenobarb ita l-induced preparations (Figures 3.4 and 3.6). There fo re  the 
type I component was less p rom inen t in the cytochrom e(s) P-448. This is in con tras t 
to the find ings o f Phillipson et a l., (1982) and Ioannides et a l., (1984), who have 
shown tha t w ith  the cytochrom e P -448-se lective  type II ligand, 9 -h yd ro xye llip tic in e , 
one does get co m pe tition  w ith  sa fro le  fo r 3 -m ethy lcho lanth rene-induced 
m icrosomes. Upon spectra l t it ra t io n ,  the binding o f 9 -h yd ro xye llip tic in e  to 
po lycyc lic  a rom a tic  hydrocarbon-induced m icrosomes has been shown to  be 
characterised by s im ila r (~ 1 .0 iiM ) K g values to those obtained w ith  the above 
antifunga ls  (Lesca et a l., 1978); 9 -h yd ro xye llip tic in e  is a planar m olecule compared 
w ith  m iconazole and c lo trim a zo le  (Lew is e t a l., 1986).
3.5.5 Binding to the Substrate-Binding Site
A lthough binding to  the haem o f cytochrom e P-450 is regarded as the 
p rinc ip le  mode o f in h ib ition , there is now considerable evidence to suggest th a t an 
add itiona l hydrophobic in te ra c tio n  w ith  the apoprote in is involved. This has been 
suggested fo r the binding o f N -substitu ted  im idazoles and tria zo les  to fungal 
cytochrom e P-450 (Vanden Bossche et a l., 1986; Henry and Sisler, 1984; Janssen and 
Vanden Bossche, 1986; O rtiz  de M onte llano and Reich, 1986). C e rta in ly , l - ( 4 -  
azidophenyl)-im idazole  has been used as a p h o to -a ff in ity  probe fo r studying the 
active  s ite  o f cytochrom e P "450q/\|v i o f Pseudomonas putida (Swanson and Dus, 
1979). The binding o f ligands to a second site  has also been suggested as a 
p re requ is ite  fo r the lig a tion  o f the safro le-carbene to the haem, since th is  com plex 
could only be dissociated by type I compounds (E lcombe et al., 1976 and D e la fo rge  
e t a l., 1985). More genera lly, com putergraphic studies have revealed th a t in h ib ito rs  
o f m ixed -func tion  oxidase a c t iv ity ,  whose e ffe c t is m ediated through haem lig a tio n , 
s t i l l  m eet the dim ensional c r ite r ia  fo r substrates. These findings ind ica te  th a t type  
II ligands also bind at the substrate binding s ite , which is located in close p ro x im ity
to the haem (Lew is e t a l., 1986). More sp e c ifica lly , N -substitu ted  im idazoles, such 
as ketoconazole  (Heel, 1982) and econazole (M idg ley et a l., 1981), when 
adm inistered sys tem ica lly , have been shown to be substrates o f the cytochrom e P- 
450 dependent m ixed -func tion  oxidase system. These im idazoles have also been 
shown in v itro  to exh ib it not only sim ple co m p e titive  (Mason et a l., 1985) and non­
co m p e titive  (Kahl et a l., 1980) in h ib itio n  k ine tics , but also complex m ixe d -in h ib itio n  
k ine tics  (Lavrijsen  et a l., 1987; M ered ith  e t a l., 1985). I t  must be emphasised, 
however, th a t tine exact type o f in h ib itio n  is o ften  dependent on the concen tra tion  
o f in h ib ito r, substrate and enzyme, as w e ll as the ac tua l source o f the m icrosom al 
preparations. This has been shown fo r the 4 ,5 -d isubstitu ted  im idazo le  H^“  
antagonist, c im e tid in e  (Jensen and Gugler, 1985).
3.5.6 Conclusions
In conclusion, the N -substitu ted  im idazoles, c lo trim a zo le , m iconazole  and 
ketoconazole , were shown to be potent in v itro  inh ib ito rs  o f both phenobarb ita l- and 
3 -m ethy lcho lanth rene-induced hepatic m icrosom al m ixed -func tion  oxidases. 
C lo trim azo le  was also shown to be a po ten t ex vivo in h ib ito r. Their broad spectrum  
in h ib ito ry  capac ity  can be a ttr ib u te d  to  th e ir a f f in ity  fo r the haem iron o f fe r r ic  and 
possibly ferrous cytochrom e P-450. In add ition , subtle binding to the type I or 
substrate binding site  may give rise to isoenzym e-se lective in te rac tio n s ; 
c lo trim a zo le  and m iconazole, and to a lesser ex ten t, ketoconazole, were shown to  
e xh ib it a type I com ponent w ith  phenobarb ita l-induced microsomes and indeed 
exh ib ited  a degree o f in h ib ito ry  s e le c tiv ity  fo r these same preparations. In th is  
instance, com putergraph ic-a ided consideration o f m olecu lar geom etry and o rb ita l 
energies proved to  be usefu l as tools in p red ic ting  the s e le c tiv ity  o f the antifunga ls  
fo r the phenobarb ita l-induc ib le  cytochrom es P-450.
CHAPTER 4
INTERACTIONS OF CLO TRIM A ZOLE, M ICONAZOLE AND  
KETOCONAZOLE W ITH PU R IFIED  HEPATIC MICROSOMAL CYTOCHROM ES P-450
4.1 INTR O D U C TIO N
K etoconazo le , c lo trim a zo le  and m iconazole, are w e ll established 
inh ib ito rs  o f the fungal cytochrom e P-450-dependent m ixed -func tion  oxidase 
system. This fa c t is the p rinc ipa l reason why these agents have enjoyed such 
extensive c lin ic a l use in the tre a tm e n t o f top ica l and system ic mycoses (Vanden 
Bossche e t al., 1984). Inh ib itio n  by these compounds is not lim ite d  to the 
cytochrom es P-450 o f fungal ce lls, but also occurs w ith  a num ber o f m am m alian 
cytochrom es fro m  various steroidogenic tissues (Suresh e t a l., 1985; Mason e t a l., 
1985; Loose et a l., 1983). The in h ib itio n  o f xenob io tic  m etabolism  in the m am m alian 
liv e r has also been studied (M ered ith  e t al., 1985; K ah l e t a l., 1980; Sheets and 
Mason, 1984). In the m a jo rity  o f cases, in h ib itio n  studies were carried  out w ith
crude m icrosom al preparations. To date, only data em ploying the p u rifie d
cytochrom e P-450 form s o f yeast (Yoshida et a l., 1986; Yoshida and Aoyama, 1987) 
and bovine adrenocortica l m itochondria  (Nagai e t a l., 1986) have been docum ented.
The use o f re cons titu ted  systems, inco rpora ting  p u rified  cytochrom e P- 
450 prote ins, allows fo r  a more subtle comparison to be made w ith  regards to the 
in te ra c tio n  o f a p a rticu la r in h ib ito r w ith  d iffe re n t cytochrom e P-450 isoenzymes. 
This is o f p a rticu la r im portance due to the complex nature o f the hepatic
m icrosom al preparations obtained from  the d if fe re n t tissues. For instance, as many 
as 13 isoenzymes of cytochrom e P-450 have been p u rifie d  fro m  the hepatic
microsomes o f variously p re trea ted , o r untreated ra ts  (Ryan et a l., 1982, 1984, 1985; 
Guengerich e t a l., 1982; Waxman, 1986). In any given m icrosom al p repara tion , th is  
makes the in te rp re ta tio n  o f inh ib ition  or spectra l binding data a ll the more 
com plica ted . There are a number o f advantages associated w ith  the use o f 
recons titu ted  systems:
(a) There is no problem w ith  cytochrom e P-450 isoenzyme m u lt ip lic ity .
(b) The exact com position o f the incubation systems can be read ily
con tro lled .
(c) Any possible d iffe rences between the m icrosom al lip id  com position of
prepara tions, fro m  variously p re trea ted  anim als, can be e lim ina ted .
(d) The sometimes in te r fe r in g  e ffe c ts  o f non-cytochrom e P-450 enzymes, eg,
epoxide hydrolase and cytochrom e b y  can be c ircum vented .
Therefore , the aim o f the present study was: (i) to evaluate the in h ib ito ry  
e ffe c ts  o f ketoconazole , m iconazole and c lo trim a zo le  in in v itro  re co ns titu ted  
systems em ploying pu rified  hepatic m icrosom al cytochrom e P-450^ and P-450c 
pro te ins, and (ii)  to establish i f  these inh ib ito rs  e xh ib it s e le c tiv ity  towards
phenobarb ita l-induced cytochrom e P-450^, as previously dem onstrated in 
m icrosom al suspensions (Chapter 3).
4.2 MATERIALS AND METHODS
4.2.1 M aterials
A ntifunga ls , substrates, co fac to rs  and a ll o ther chem icals were obtained 
from  the sources ind ica ted  previously (Chapters 2 and 3). The cytochrom e P-450 
preparations employed in th is study were those which had been p u rifie d  from  the 
hepatic m icrosomes o f phenobarb ita l- and 3 -m e thy lcho lan th rene -trea ted  animals. 
N A D P H -cytochrom e P-450 reductase was s im ila rly  p u rified  from  phenobarb ita l- 
p re trea ted  ra ts  (C hapter 2).
4.2.2 Inhibition Studies Employing Reconstituted Systems
Incubations were ca rried  out essentia lly  as described in the re levan t
sections o f C hapter 2. In b rie f, the p u rifie d  haem oproteins (0.014yM ) were
recons titu ted  in to  previously sonicated L -a -d ilau ry lphospha tidy lcho line  or L -a -
DLPC (30pg /m l) in the presence o f sa tu ra ting  reductase (0.06pM), according to  the
method o f Haugen (1975). A l l  reactions were ca rried  out a t 37°C  in 50mM HEPES
b u ffe r (pH7.6) conta in ing  O .lm M  EDTA and 15mM M g C ^ . Inh ib itio n  studies were
carried  out by adding c lo trim a zo le , m iconazole and ketoconazole, dissolved in
d im ethylsu lphoxide (DMSO) to  the com plete system. A f te r  p re incubation  fo r  2-3
m inutes, sa tu ra ting  amounts o f N ADPH (in 1% w /v  NaHCO^) were added to  s ta r t
-8 -6the reaction . The concentra tions o f in h ib ito r used (10 - 10" M) were previously
shown to c le a rly  d istinguish between cytochrom es P-448 and P-450 in m icrosom al 
systems.
The O -dea lky la tions o f 7 -e thoxycoum arin  (U llr ic h  and Weber, 1972), 7- 
e thoxyresoru fin , 7 -pen toxyresoru fin  and 7 -benzyloxyresoru fin  (Burke e t a l., 1985) 
were determ ined by the d ire c t f lu o ro m e tr ic  methods already described (C hapte r 2). 
The reduction  o f cytochrom e c, as m ediated by the p u rifie d  fla vop ro te in , was 
ca rried  out by the method o f Gibson and Schenkman (1978) (C hapter 2).
4.2.3 Spectral Binding Studies
A ll binding spectra  were recorded at 25°C under oxidised conditions, 
em ploying a K on tron -U v ikon  860 U V /v is ib le  spectrophotom eter (Schenkman, 1970).
The haem oproteins were suspended in 0.1M potassium-phosphate b u ffe r 
(pH7.4), conta in ing  20% (v /v) g lyce ro l, to a fin a l concen tra tion  o f 0 .20yM . The 
preparations were then equally d ivided between tw o m atched (1.0m l) quartz 
cuvettes and a baseline was obta ined in the wavelength range o f 350-500nm. The 
antifunga ls, dissolx d in 'spectros 1' grade d im e thy lfo rm am ide , were added to t he 
sample cuve tte  and the same volume o f solvent (0.4% v /v ) added to the re ference  
cuve tte . Spectra were con tinua lly  re-scanned u n til there was no change in the 
m agnitude of the absorbance d iffe rence  between wavelength m axim a and m in im a.
4.3 RESULTS
4.3.1 Spectral Binding Studies with Purified Cytochromes P-450
The add ition  o f each of the antifunga ls to cytochrom e P-450c and P-430^ 
preparations yie lded type II d iffe re n ce  spectra. Binding to  cytochrom e P-450^ was 
characterised by m axim a and m in im a wavelengths o f 429nm and 391-396nm, 
respec tive ly , fo r  c lo tr im a zo le  and m iconazole, and 426nm and 390-402nm fo r 
ketoconazole (F igure 4.1). S im ila r spectra l in te rac tio n s  were observed w ith
cytochrom e P-450^; m axim a displayed at 430nm fo r a ll three compounds and m in im a 
ranging from  408nm fo r  c lo tr im a zo le  to 400nm fo r  m iconazole. The m agnitude of 
the spectra l in te rac tions was found to be g rea te r w ith  the phenobarb ita l-induced 
prepara tion  than w ith  cytochrom e P-450c in a ll th ree cases, the g reatest d iffe re n ce  
being observed w ith  m iconazole (Table 4.1).
4.3.2 Inhibition of M ixed-Fuiction Oxidase A ctivities in Reconstituted Systems;
A ll three a n ti-m y c o tic  agents were shown to be in h ib ito rs  o f both the 
cytochrom e P-450^- and the cytochrom e P-430c -dependent a c tiv it ie s , as
exem p lified  by th e ir  e ffe c t on the m etabolism  o f the m arke r substrates 7-
pen toxyresoru fin  and 7 -e thoxyresoru fin , respective ly  (Table 4.2). W ith  both p u rifie d  
pro te ins, ketoconazole was the weakest in h ib ito r, w h ile  m iconazole and c lo tr im a zo le  
appeared to be equ ipotent. A ll three im idazoles were more potent inh ib ito rs  o f the 
cytochrom e P-430j3-ca ta lysed O -dea lky la tion  o f pen toxyresoru fin  than o f 7- 
e thoxyreso ru fin -O -dee thy la tion , catalysed by cytochrom e P-45CK C lo trim azo le  and 
m iconazole exh ib ited  a 7 -fo ld  s e le c tiv ity  fo r  the fo rm e r, as compared to
ketoconazole 's m axim al 3 -fo ld  s e le c tiv ity .
When 7-ethoxycoum arin  was employed as a substrate fo r  both pu rified  
prote ins, a ll th ree  antifunga ls were shown to be b e tte r inh ib ito rs  o f the cytochrom e 
P-450j_)-m ediated m etabolism  (Table 4.3). In th is  case, a ll the agents exh ib ited  3- 
fo ld  s e le c tiv ity  fo r  th is  isoenzyme. S e le c tiv ity  fo r  cytochrom e P-450^ was, again,
ve rif ie d  w ith  7 -benzy loxyresoru fin  (F igure 4.2). In th is  instance, a 3 -fo ld  s e le c tiv ity  
was observed w ith  m iconazole , as compared to  c lo trim a zo le  and ketoconazole. In 
both the above cases, and w ith  both p u rifie d  prote ins, ketoconazole was always the 
weakest in h ib ito r.
M iconazole and ketoconazole were shown not to in h ib it the N A D P H - 
dependent reduction  o f cytochrom e c, as m ediated by the p u rifie d  fla vo p ro te in  
(F py) at the concentra tions o f in h ib ito r employed (F igure 4.3). C lo tr im a zo le , 
however, caused a 47% in h ib itio n  only at the highest concentra tion  of lCT^M. In 
these experim ents the concen tra tion  of the reductase (0.04yM ) employed was 
comparable to th a t used in the incubation  systems during the m etabo lism  o f 
e thoxycoum arin  and the reso ru fin  analogues.
Table 4.1
Spectra l In te rac tions o f Ketoconazo le , M iconazole 
and C lo trim azo le  w ith  P u rifie d  C ytochrom e P-450 P ro te ins
The ligand (12yM ) was dissolved in d im e thy lfo rm am ide  and added to the tes t 
cu ve tte  which also contained the p u r if ie d  p ro te in  (0 .2yM ). R eference cu ve tte  
conta ined only the p ro te in  and the corresponding volum e o f the so lvent. A  x is 
defined as the d iffe re n ce  between peak and trough absorbances, a t the sa tu ra ting  
concen tra tion  o f the ligand.
AA (nm ol P-450)"^ max
Compound C ytochrom e P-450c C ytochrom e P-450^
C lo tr im a zo le
M iconazole
Ketoconazo le
0.035
0.015
0.030
0.045
0.055
0.035
Figure 4.1
In te ra c tio n  o f Im idazole  A n tifunga ls  w ith  P urified
Cytochrom e P-430^ and Cytochrom e P-450^
( ) Cytochrom e P-450c prepara tion  was added to both re ference and
sample cuvettes w h ile  (a) c lo trim a zo le , (b) m iconazole, and (c) 
ketoconazole was added to sample cuve tte  only.
(-------------) Jhe experim ent was repeated w ith  the cytochrom e P-450^
prepara tion . The fin a l concentrations o f ligands and haem oprote in 
were 12yM  and 0.2yM  respective ly . For conditions, see 'M a te ria ls  
and Methods'.
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Table 4.2
Inh ib ition  o f 7 -E thoxyresoru fin  and 7-P entoxyresoru fin  M etabo lism
by A n tifu n g a l Agents in R econstitu ted  Systems
Two separate experim ents were ca rried  out in the presence each ligand, at a fin a l 
concentra tion  o f 1.3 x 10 ^M , dissolved in D M 50. C on tro l experim ents were ca rried  
out in the presence o f 0.4% (v /v ) DMSO only. The values in parentheses are % 
a c tiv it ie s  rem ain ing when compared to co n tro l.
pm o l/m in  per nmol cytochrom e P-450
E thoxyresoru fin  a c t iv ity P entoxyresoru fin  a c t iv ity
o f C ytochrom e P-450c o f C ytochrom e P-450^
1 2 1 2
C on tro l 5,310 6,910 210 240
K etoconazole 4,860 (92) 7,100 (103) 128 (61) 90 (38)
M iconazole 3,599 (66) 3,830 (55) 30 (14) 23 (10)
C lo trim azo le 3,500 (66) 4,260 (62) 34 (16) 23 (10)
The incubation  system comprised the fo llo w in g : pu rified  cytochrom e P-450 
(0.014i_iM), reductase (0.06yM ), L -a -D L P C  (30yg /m l), NADPH (250uM ) and 
e thoxyresoru fin  ( ly M )  or pentoxyresoru fin  (5yM ).
Table 4.3
Inh ib ition  o f 7 -E thoxycoum arin-Q -D eethylase  A c t iv ity
By A n tifu n g a l Agents in R econstitu ted  Systems
Two separate experim ents were ca rried  out in the presence of each ligand, a t a 
concen tra tion  o f 1.3 x lC f^M  dissolved in DMSO. C on tro l experim ents were ca rried  
out in the presence o f DMSO only. The values in parentheses are % a c tiv it ie s  
rem ain ing when compared to co n tro l.
pm o l/m in  per nmol cytochrom e P-450
C ytochrom e P-450^ C ytochrom e P-450^
1 2 1 2
C on tro l 10,500 7,350 4,330 2,540
Ketoconazole 10,100 (96) 6,120 (83) 1,530 (36) 1,160 (46)
M iconazole 8,400 (80) 4,900 (67) 1,220 (28) 700 (28)
C lo trim azo le 7,600 (72) 4,490 (61) 1,070 (25) 760 (30)
The incubation  conditions were those described in the legend to  Table 4.2, excep t 
tha t the f in a l concen tra tion  o f e thoxycoum arin  was 50yM .
Table 4.4
Inh ib ition  o f 7 -B enzyloxyresorufin -Q -D ebenzylase A c t iv ity
by A n tifu n g a i Agents in R econstitu ted  Systems
C on tro l a c tiv it ie s  (means - SD of three dete rm ina tions) were: 3.2 -  0.5 and 1.4 -  
0 .5nm ol/m in  per nmol haem oprote in fo r  cytochrom e P-450c and cytochrom e P-450^ 
respective ly . Value in parentheses re fle c ts  rem ain ing enzyme a c tiv ity ,  re la tiv e  to 
con tro l, at an in h ib ito r concen tra tion  o f 1 x 10“ ®M.
 _______________________
Compound C ytochrom e P-450c C ytochrom e P-450^
C lo trim azo le  9.0 x 10~® 5.0 x 10” ®
M iconazole 1.5 x 10” ^ 2.8 x 10"®
Ketoconazo le  >1 x 10” ® (68%) 7.1 x 10” ^
The incubation  conditions were those described in the legend to Table 4.2. The fin a l 
concen tra tion  o f benzyloxyresorufin  was 5.0yM  in both incubation systems.
F igure  4.2
Inh ib ition  o f 7 -Benzyloxyresorufin-Q -D ebenzylase A c t iv ity
By A n tifu n ga l Agents in R econstitu ted  Systems:
A c t iv it ie s  are expressed re la tive  to con tro l values obta ined in incubation system 
com pris ing only 0.4% (v /v ) DMSO. C on tro l a c tiv it ie s  fo r both (a) cytochrom e P 
450c- and (b) cytochrom e P-450j_)-dependent m etabolism  were 3.2 - 0.3 and 1.4 
0 .5nm o l/m in  per nmol P-450, respective ly .
(■*■) c lo trim a zo le  
( ■ )  m iconazole 
( • )  ketoconazole
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F igure  4.3
The E ffect of Antifungal Agents on the NADPH-Dependent Cytochrome c 
Reductase A ctiv ity  of Purified NADPH-Cytochrome P-450 Reductase
The values are expressed as means of duplicates, from a single experiment. The 
final concentration of reductase was 0.04yM . The activity in the presence of 0.5% 
(v/v) DMSO only was determined as: experiment 1: 41nmol/min per mg; experiment 
2: 45nmol/min per mg.
( A ) clotrimazole  
( □ )  miconazole 
( • )  ketoconazole
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4.4 DISCUSSION
The observation that clotrim azole, miconazole and ketoconazole were 
potent inhibitors of cytochrome P-450-dependent oxidative metabolism in vitro is in 
agreement with our previous findings (Chapter 3) and those of others employing 
microsomal preparations (Kahl et al., 1980; Sheets and Mason, 1984; Lavrijsen et al., 
1987; Razzouk et al., 1978). The purpose of the present study was to ascertain if 
these agents show selectivity towards phenobarbital-induced cytochrome P-450^ or 
polycyclic aromatic hydrocarbon-induced cytochrome P-450c in reconstituted 
systems. These isoenzymes are considered to be the principal cytochromes P-450 in 
microsomes from animals pretreated with phenobarbital and 3-methylcholanthrene, 
respectively (Ryan et al., 1982; Guengerich et al., 1982; Wolf et al., 1986).
7-Ethoxyresorufin and 7-pentoxyresorufin are now well established highly 
specific marker substrates for cytochrome P-450c and P-450^, respectively, (Wolf et 
al., 1986; Burke et al., 1985; Phillipson et al., 1984) and have been used to monitor 
the activity of these haemoproteins. The lack of kinetic data for the metabolism of 
these two substrates in reconstituted systems by these two proteins necessitates 
cautionary interpretation of the results. Despite any possible differences in the 
values characterising these systems, miconazole and clotrimazole exhibited a 
greater selectivity for the phenobarbital-induced preparation than did ketoconazole.
When the inhibition of 7-ethoxycoumarin and 7-benzyloxyresorufin 
metabolism with both cytochrome P-450c and P-450^ was considered, all three 
compounds were shown to be selective towards the la tte r (Tables 4.3 and 4.4). It 
must be emphasised that 7-ethoxycoumarin exhibited similar K m values for both 
purified preparations, namely, 10.6 - 0.8yM  and 15.9 - 5.8yM  for cytochrome P-450c 
and P-450^, respectively (Chapter 2). Since the substrate a ffin ity  is similar for both 
cytochromes the difference in inhibitory potency can be entirely attributed to the 
inhibitor.
The above results are in accord with our previous data employing microsomal 
suspensions (Chapter 3). Moreover, the finding that clotrimazole is selective for 
phenobarbital-induced cytochromes P-450 is in agreement with the findings of Kahl 
et al., (1980).
With both enzyme preparations and with all substrates, ketoconazole was 
always the weakest inhibitor which lends support to other studies employing 
different substrates (Mason et al., 1985; Lavrijsen et al., 1987; Niemegeers et al., 
1981; Sheets et al., 1986). None of the compounds inhibited NADPH-cytochrome c 
reductase activ ity  at the concentrations where inhibition of oxidative metabolism  
was evident, showing that these potent inhibitors do not interfere with the electron  
flow to the terminal haemoprotein. Similar observations have been made with 
hepatic microsomal preparations (Mason et al., 1985; Sheets and Mason, 1984) and in 
the case of ketoconazole also, with the purified flavoprotein (Higashi et a l., 1987). 
Furthermore, these compounds give rise to typical type II difference spectral 
interactions and compete with carbon monoxide for ferrous cytochrome P-450 (Kahl 
et al., 1980; Lavrijsen et al., 1987; Schuster, 1985); these phenomena have been 
attributed to the ligation of these imidazoles to the sixth coordination site of the 
haem of cytochrome P-450 (Rogerson et al., 1977; Schuster, 1985).
In the present study, all three compounds elicited type II difference  
spectra with both purified preparations. So-called type Ila spectra (wavelength 
maxima at 425nm and minima at 390nm) were elicited with cytochrome P-450^. 
The spectral perturbations observed with the 3-methylcholanthrene-induced 
preparation were essentially of the type lib form (minima at 413nm and maxima at 
about 433nm). The la tte r have been attributed to the binding of ligands to a 
primarily low-spin haemoprotein, as compared to the binding to haemoprotein w ith a 
high-spin component which is observed in type Ila spectra (Jefcoate et al., 1974;
Schuster, 1985). Supportive evidence for the greater high-spin nature of cytochrome 
P-450^ comes from a consideration of the ^ 395nm/A 4 i 5nm absorbance ratio for 
both purified preparations in the absolute (oxidised) absorption spectra previously 
described (Chapter 2). The magnitude of the spectral interactions were comparable 
with those observed with microsomal suspensions (Chapter 3). This is of particular 
interest since, in the present case, microsomal membrane lipids were not present 
during the binding experiments. This is a particular advantage when using purified  
cytochrome P-450, because the biphasic (aqueous-lipid) nature of microsomal 
cytochrome P-450 binding can be obviated. In general, the spectral interactions 
elicited with the phenobarbital-induced protein (P-450^) were greater than those 
with cytochrome P-450^, being especially evident in the case of miconazole. 
However, the values obtained can only be considered as estimates of the extent of 
binding ) since all the experiments were carried out at a saturating (12.0yM )
concentration of ligand. There is normally a good correlation between the
spectrally determined constant AAmgx and the kinetically determined I^g values 
(Lavrijsen et al., 1987), although the incubation conditions employed in these two 
cases are markedly d ifferent.
In the present study, as with microsomal suspensions (Chapter 3), although 
the direct ligation to the haem is recognised as the primary mechanism of inhibition, 
there is considerable evidence to suggest that an additional hydrophobic interaction, 
between the non-imidazole moiety and the substrate-binding site, is involved 
(Schuster, 1985; Vanden Bossche et al., 1986). Binding at the substrate binding site 
may give rise to additional isoenzyme-selective interactions. This is of particular 
interest in view of the recently reported differences between these apoprotein sites 
in cytochrome P-448 and P-450 (Lewis et al., 1986).
The selectivity of the anti-m ycotic agents, clotrim azole, miconazole and 
ketoconazole for the phenobarbital-induced cytochrome P-450^ is in agreement with 
the previous in vitro inhibition studies employing microsomes and which has also 
been predicted with the use of a computergraphic-aided consideration of their 
overall molecular dimensions.
CHAPTER 5
THE IND U C TIO N  OF THE RAT HEPATIC MICROSOMAL M IX E D -FU N C TIO N  
OXIDASES BY THE IM ID A ZO LE-C O N TA IN IN G  A N TIFU N G A L AGENTS  
CLO TRIM AZOLE, M ICONAZOLE A ND KETOCONAZOLE
5.1 IN TR O D U C TIO N
Imidazole-containing compounds enjoy extensive use in clinical therapy; 
the 4,5-disubstituted imidazoles as antagonists (eg, cimetidine) and many N - 
substituted imidazoles in the treatm ent of topical and systemic mycoses (eg, 
ketoconazole, miconazole and clotrimazole). These drugs, especially N-substituted  
imidazoles, are now well established potent inhibitors of the mixed-function oxidase 
system. They are potent inhibitors of cytochrome P-450-mediated reactions, not 
only in fungal cells (Henry and Sisler, 1984) but also in many mammalian tissues such 
as the gonads (Suresh et al., 1985), the placenta (Mason et al., 1985), the adrenals 
(Loose et al., 1983) and the liver (Kahl et al., 1980; Sheets and Mason, 1984; 
Meredith et. al., 1985). Their effects are not restricted to jn vitro incubation 
systems, since compounds such as ketoconazole (Meredith et al., 1985; Niemegeers 
et al., 1981) clotrim azole, miconazole (Niemegeers et al., 1981) and cimetidine 
(Jensen and Gugler, 1985) have also been shown to be in vivo inhibitors of 
cytochrome P-450. These ]n vivo phenomena are of clinical significance, especially 
in the light of the fact that agents such as ketoconazole are administered 
systemically during the treatm ent of fungal infections (Janssen and Vanden Bossche, 
1986) and, as has been recently suggested, in the treatm ent of androgen-dependent 
prostatic cancer (Trachtenberg and Pont, 1984). A number of clinically relevant 
adverse drug interactions have already been documented, eg, with cyclosporin 
(Whiting et al., 1985; Trenk et al., 1987; Van Tyle, 1984).
Almost all inhibitors of the mixed-function oxidase system, when 
administered systemically, display a biphasic effect; an inhibitory phase is followed 
by a phase of induction. Such an effect has been described for SKF-525A (Buening 
and Franklin, 1976), safrole (Ioannides et al., 1981), ellipticines (Cresteil et al., 
1982) and N-phenylimidazole (Murray et al., 1985). Since these inhibitors selectively
induce the cytochrome P-450 proteins towards which they display the highest 
inhibitory potency both in vitro and in vivo, the present study was undertaken in 
order to establish the following:
(a) If ketoconazole, miconazole and clotrimazole induce the hepatic
microsomal mixed-function oxidase system.
(b) If they selectively induce the phenobarbital-inducible cytochromes P-450
(P-450 IIB gene sub-family) proteins, as predicted by a computergraphic- 
aided consideration of their molecular geometries and inhibitory 
selectivities (Chapters 3 and 4).
(c) I f  the extent of induction is related to in vitro inhibitory potency.
To achieve these goals we have used specific model substrates and 
immunological assays, employing polyclonal antibodies raised against purified  
cytochromes P-448 (P-450c) and P-450 (P-450^).
5.2 MATERIALS
Erythromycin (Sigma Co, Poole, Dorset, UK), pregnenolone-16a- 
carbonitrile (Upjohn Co, Kalamazoo, MI, USA), metyrapone and a-naphtnoflavone 
(Aldrich Chemical Co, Gillingham, Dorset, UK) were all purchased. Sources of all 
other reagents used in this study have already been indicated (Chapters 2 and 3). 
Rabbit anti-cytochrome P-450 PB2c antiserum was kindly provided by Dr C R Wolf 
(Imperial Cancer Research Fund, Laboratory of Molecular Pharmacology and Drug 
Metabolism, University Department of Biochemistry, Edinburgh, Scotland, UK).
5.3 METHODS
5.3.1 Animal Pretreatm ent and the Preparation of Hepatic Microsomal Fractions:
Male Wistar albino rats (120-160g) were obtained from the Animal 
Breeding Unit, University of Surrey. Throughout the study animals were allowed 
food and water ad libitum . The induction of hepatic microsomal mixed-function 
oxidases was achieved by single daily intraperitoneal administration of either 
phenobarbital-sodium (80mg/kg), pregnenolone-16a-carbonitrile (lOOmg/kg), or 3- 
methylcholanthrene (25mg/kg) on three consecutive days, while control animals 
received the corresponding volume of corn oil. C lotrim azole, miconazole or 
ketoconazole were similarly administered, as sonicated suspensions in corn oil, each 
at two dose levels, 145 and 290)jmol/kg. These doses corresponded to 50 and 
lOOmg/kg of clotrimazole, 61 and 121mg/kg of miconazole and 77 and 154mg/kg of 
ketoconazole, respectively. These dose levels are known to bring about induction of 
cytochrome P-450 activities in rat hepatic microsomal preparations (Lavrijsen et 
al., 1986; Murray et al., 1985; Rush et al., 1987). In all cases the volume of the 
vehicle never exceeded 1.0ml. A ll animals were killed by cervical dislocation 24h 
after the last administration. Livers were immediately excised and washed in ice- 
cold 1.15% (w/v) KC1 and 25% (w/v) homogenates were subsequently prepared. 
Hepatic post-mitochondrial supernatant (9000 x g supernatant) and microsomal 
suspensions (105,000 x g pellet, resuspended) were prepared as previously described 
(Chapter 3). A ll preparations were stored at -20°C  as the post-mitochondrial 
supernatant until use.
5.3.2 The Determ ination of Hepatic Mixed-Function Oxidase A ctv ities ;
7-Ethoxycoumarin-O-deethylase (Ullrich and Weber, 1972), 7-
ethoxyresorufin-O-deethylase, 7-pentoxyresorufin-O-dealkylase (Burke et al., 1985), 
NADPH-cytochrome c reductase (Gibson and Schenkman, 1978) were determined in 
microsomal suspensions by the methods indicated (Chapter 3).
E ry th rom yc in  N -D em ethylase A c t iv i t y :
The determination of erythromycin metabolism was based on the method 
of Wrighton et al., (1985, 1985a). The assay mixture (final volume of 1.0ml) 
comprised the following:
25% (w /v) Microsomal suspension 0.1ml
M gCl2 (150mM) 0.1ml
Erythromycin (0.01M) 0.1ml
Potassium phosphate buffer (50mM, pH7.25) 0.66ml
A fter a 3 minute pre-incubation period at 37°C the reaction was started  
with NADPH (final concentration: 1.6mM). The reaction was allowed to proceed for 
10 minutes (37°C) and was quickly terminated with 0.5ml of ice-cold 12.5% (w/v) 
trichloroacetic acid (TCA). Precipitated protein was removed by centrifugation  
(Beckman J6 centrifuge, 3000 rpm for 15 minutes). The formaldehyde generated 
was determined by the Nash method (1953) (Chapter 2). In all cases, non- 
cytochrome P-450-generated formaldehyde was accounted for by using suitable 
blanks.
Aniline p-Hydroxylase A c tiv ity :
The hydroxylase activity of microsomal preparations was determined by 
the method of Guarino et al., (1969). This method was modified to measure the 
activ ity  in microsomal suspensions, by the addition of 1 unit of glucose 6-phosphate 
dehydrogenase to the assay mixture. The incubation mixture (final volume: 1.8ml) 
comprised the following:
Tris-H C l buffer (0.3M), pH7.6 0.5ml
25% (w /v) Microsomal suspension 0.5ml
N A D P+ (0.01M)/glucose 6-phosphate (0.1M) 0.2ml
M gC l2 (0.1M) 0.1ml
Glucose 6-phosphate dehydrogenase (1 unit) 0.001ml
Aniline hydrochloride (0.04M) pH7.6 0.5ml
The reaction was started by the addition of substrate (final concentration: 
l l . lm M )  and allowed to proceed for 15 minutes, in a shaking water bath at 37°C . 
Approximately Ig  of solid NaCl per incubation mixture was used to terminate the 
reaction. The product (p-aminophenol) was extracted with peroxide-free ether 
(12ml), which contained 1.5% (v/v) isoamyl alcohol, for 20 minutes. Aliquots (10ml) 
of the ether fractions were added to the colour reagent (4.0ml), which was 
tripotassium orthophosphate (0.5M) containing 1% (w/v) phenol. The reaction was 
allowed to proceed for 30 minutes whereupon a blue colour was formed, due to the 
formation of a phenol-indophenol complex. Both colour development and extraction  
steps were carried out at room temperature in tightly capped (15ml) Sovirel tubes, 
on a rotary shaker. The absorbances at 620nm were subsequently read on a 
UV/visible Cecil CE 292 digital spectrophotometer. Blanks (aniline added at the end 
of the incubation period) and standards (lOOnmol p-aminophenol, dissolved in 0.1M  
HC1) were carried through the same incubation, extraction and colour development 
steps.
5.3.3 The Quantification of Total Microsomal Cytochrome P-450, b  ^ and Protein
Total microsomal cytochromes P-450, b^ (Omura and Sato, 1964) and 
protein concentration (Lowry et al., 1951) were determined in microsomal 
suspensions by the methods indicated (Chapters 2 and 3).
5.3.4 Spectral Studies
A ll spectra were recorded at 25°C using a Cary-Varian model 2200 
UV/visible spectrophotometer and washed microsomes. The microsomal suspensions 
were diluted with 0.1M phosphate buffer (pH7.45) to a final cytochrome P-450 
concentration of l.Onmol/ml.
M etyrapone-Induced Spectra
Metyrapone binding spectra were recorded under reduced conditions 
using sodium dithionite (Liu and Franklin, 1985). Diluted microsomes were evenly 
divided between two matched quartz (4.5ml) cuvettes. Sodium dithionite was 
added to both reference and sample cuvettes and a baseline run between 400- 
500nm. Metyrapone was then added at a saturating concentration (66pM) to the 
sample cuvette only, the same volume of solvent (DMSO, 0.3% v/v) being added to 
the reference cuvette. Subsequent absorption spectra were continually re-scanned 
until no further change in AA446_490nm was observed* The concentration of 
microsomal cytochrome P-450 which bound metyrapone was calculated using the 
extinction coefficient 68.5m M“^crrf"*■ for the above wavelength pair and values 
obtained were related to that determined by the CO-binding method of Omura and 
Sato (1964).
Erythromycin and Antifunqal-Induced Spectra
Erythrom ycin- and antifungal- binding spectra were recorded with  
microsomes under oxidised conditions (Schenkman, 1970) (Chapter 3). A ll data 
were analysed by the Hanes plot method (Hanes, 1932) (Chapter 3).
5.3.5 The Solubilisation of Microsomal Suspensions for Immunological 
and Electrophoretic Analysis
The solubilisation of microsomal suspensions for enzyme-linked  
immunosorbent assay (ELISA), Western blotting and SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) was achieved by incubation at 4°C  for 30 minutes with  
cholate (l.Omg sodium cholate/mg microsomal protein or 0.7% w /v) and Emulgen 
911 (0.14% v/v).
5.3.6 Immunological and Electrophoretic Procedures;
Hepatic microsomal suspensions, from variously pretreated animals,
were analysed immunologically, on a quantitative and qualitative basis. The
former involved an indirect non-competitive enzyme-linked immunosorbent assay
(ELISA) method, while the la tte r involved Western blotting of electrophoretically
resolved microsomal proteins. The procedures and optimised conditions have
«
already been described (Chapter 2). The details of the conditions employed in this 
study can be found in the legends to the relevant tables and figures.
The antisera employed for immunoquantitation by ELISA, were such that 
it  was not possible to discern between the individual sub-forms of cytochrome P- 
448, eg, cytochrome P -450c and P-450d (Ryan et al., 1982) or the phenobarbital- 
inducible form, eg, cytochrome P-450^ and P-450e (Ryan at al., 1982).
RESULTS
The E ffects  of Antifunqal-Pretreatm ent on Liver Microsomal Parameters  
Pretreatm ent of rats with the three antifungal agents resulted in 
increases in the liver to body weight ratios which were particularly pronounced in 
the case of clotrimazole (Table 5.1). The microsomal total cytochrome P-450  
content was increased at both dose levels of clotrimazole, but in the case of 
miconazole and ketoconazole, significant increases were seen only at the higher 
doses (Table 5.1). None of the antifungal agents had any e ffec t on the cytochrome 
bcj content, although microsomes from clotrim azole-pretreated animals did exhibit 
an additional wavelength maximum at 444nm (Figure 5.1). The NADPH-dependent 
reduction of cytochrome c was increased by all three compounds and at both dose 
levels (Table 5.1), but maximum induction had already occurred at the low dose.
5.4.2 The Induction of Hepatic Cytochromes P-450-Dependent Mixed
Function Oxidase A ctiv ities:
The O-deethvlations of ethoxyresorufin and ethoxycoumarin were 
stimulated by ail three antifungals to a similar extent (Table 5.2) but the p- 
hydroxylation of aniline was enhanced only by ketoconazole. C lotrim azole very 
markedly induced the O-dealkylation of pentoxyresorufin, especially at the lower 
dose. A t the 290vimol/kg dose level great variations were observed between the 
four members of the animal group, such that a 12-foid induction in pentoxyresorufin 
metabolism was not found to be statistically significant. When expressing the 
results more specifically per nmol of cytochrome P-450, it was noted that 
clotrim azole brought about a 65% decrease in aniline p-hydroxylase activ ity  (Table 
5.3).
The antifungal-induced O-deethylation of ethoxycoumarin was markedly 
inhibited by metyrapone while a-naphthoflavone, at the same final concentration  
(IOOjjM), inhibited only modestly (Figure 5.2).
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Difference Spectra Recorded A fter Sodium Dithionite Reduction 
of Hepatic Microsomes From Untreated and C lotrim azole-Pretreated Animals
Microsomes were diluted 1:6 with 0.1M potassium phosphate buffer (pH7.45). 
Dithionite was added to the sample cuvette only. Spectra were recorded for
microsomes of untreated (----- ) and clotrimazole (290pm ol/kg)-pretreated animals
( )•
Ta
bl
e 
5.
2
c
0
cn
<
"co
cnc
0-1
c<
JZ
4-1
tj
0
4-1
00£-,4-10
Ch
Q.
0
a l
o
<
0
050
■o
X
O
c
0
4-1
0c
D
Lu1
*o0
X
4-10
Q.0
I
0
x:
c
‘ S4-1
Of-
CL
cn
P
0
CL
O
P
Q.
■o0
j->
C0
050£_
CL
0H0
050
O
CD
CD
V
CL
*
*
*
TJ
C0
CD
V
CL
*
*
u~C
CD
CD
V
CL
.> *  
4-1
<  0
05 E
Ll I
CD
+1
C00
E
050
t >
0
05050Ch
CL
X0
0
0
050
13
0
>
C0
O
Ch4-1co
o
Ch0>o
co
4-1
o
D 
TJ 
C  
' I
TJ
O0
050Ch
CL0Ch
CO0
050JC
4-)
c0Cl0
CL
0
1 m Q_ 0
0
.E  g—• s.. 
' £  ■§. 
< x
DCh 0  
O 05 
05 0
o3 0c Q 
0  i 
0. O
5 0Ch 5
giH0
X  4—1
X  0  O 0
5 9
9 6
c
’ Ch
0 0
E CO
D 0
O
o JO
> .  4-1
X 0
o 0
J Z
4-1 Q
LJ
i o
*S c 0 o
E 4J O 0 
05 C-t O 0Ch Q. CJ CD P! Ch
2  Q.
o
+ i
o
A
LA
A
CD
+ I
LA
CM
LA  
+ 1 
VO
A
+ 1
AVO
O
Ov
+ 1
O
A
A
5ft 
*  
*  
I—I
VO
f—1
+ 1
A
A
*
Ov
CM
CO 
+ 1
O
N0
•3 E 
5  S
O .S 
U  U
*
*
CM
A
rH
+ 1
CO
v o
pH
c n
D £
3
E
p .
A  
<± i—I
CO
CD
i—! Ov
Ov
CD
vo
pH
1—1
v — "■ CD CD
o v—' CD CD A
a O A ' 00 pH
CM A < H CM +  |
+  1 +  1 +  t +  1 CD
CD a o a a
A CM o CO o
A LA A 00 r—-{
A
CMI—|
VO
pH
+ 1
A
i—IA
A_
VO
+ 1
AA
CJV
A
+ 1 
ON
c n
p»—<o
E
p.o
Ov
CM
**
rH  
+ I
ON
CD
**
0v
CM
A
+ I
A -
*
00
+ I 
A
00
<t
Ov 
H  
+ 1 
O 
CM
A
CM
+ I
00
v o
A
CM
CD
+ 1 
A
*
Ov
CM
VO
sk
**
CO
LA
00
+ 1
CM
OV
**
CD
A
O
CM
*
CM
CM
Ov 
■H CD 
+ 1 +1 
A A 
A* A
0000
>H
+ I
A
VO
CM
o
CM
+ 1 +1
CDA
c n
DC
cn
D £
0
c n
j z
c n
DC
O O —H o O
0 E E
o
N E E
o p . p . 0 p . p .
N A o C A a
0 Ov o ov
C i—1 CM o ■—1 CM
o
a
2
o
4-1
0
CL
D
OC-H
cn
ia
LA
jd
3
CO
h-
co
j - ir-
0
Cl
<
"ro
c
c
c
c
<
•C
CD
4-J
CO0Ch4-J0
Ch
CL
Ui4-JCO
DC
u<
CO
■D
X
O
c
.2
4-J
0 
c  
c  
Ll.1
TJ0
X
0
4-J
CO
CL0
1
c
o
o
c-.0>
o
c
o
4-J
o
c
■c
c
"T
"D
O
CO0
CO0
JCj- i
C0
f—0
D.
CO0
JD
0>
0
.c
f—
LjlI 
CO 
+ 1
co
c00
E
cn0
■ c0
CO
CO0
f-H
CL
X0
0L-0
C
CO0
DC
0to
I
CL
3
E
c
Ch0
a
c
1
•a0
o
D
•o
o
Ch
Q
o
E
a
>>
4->
>
J->
a
<
i—i
o
CD
V
CL
*
*
*
•a
c
0
CD
V
CL
*
*
crT
CD
CD
V
Q_
0
I CO 
Q.
0
2 o
•a
a
T
n  0 2U) 0 0  Cl
c- A  
> ^ J Z  X 4J O 04-J 0
0 Q
° r O
a
i
c
2 0 f -  co
O co
CO — I 0 A
SiA  4-J
X  0  O 0
£  9
9  o
a
c
*Ch
0 0
E CO
D 0
O "a
CJ JZ>N 4-J
X CD
o 0
£ 9
Ld
i O
A
0 o
E X>o 0
CO ChO 0
Ch  Q .
O 0 
2  CL
CD
CM
+ 1 
o
L A
O
VO
CD
+ i 
ON
ON 
+ I
fA
*
*
o
o  
co 
+ 1
CDON
rA
*
*
*
rA
CM
CM 
r—I 
+ I 
CM
CD 
+ 1
LA
rA
*
□
o
o
CM
a
a
rA
NO
<f
LA r—I
+ 1
VO
CM
CM
oI—I
A
+ 1
IA
rA
CD• A
vo CD
CM LA
+  l >—1 LA
CM
CM
+ I rA  
+  1
i-H CM o
•—i CO
cn cn
-X  -V
O
Ep.
LA
O
E
p.
CD
ON
CM
vo
ON
A r—1 r-H
CD v—' '—'
CD v- ^ CD O
'—' O CD r-H
o ON VO CM
A CM 4- 1 +  1
+  I +  1 O O
CD a O On
CM vo A M t
ON A i—1 i— 1
*
*
*
CO
rA
i—i
CM 
+ I 
LA 
CD
*
*
VO
CM
<r 
+ 1
CM
CO
*
vo
o
CM
VOOn
i  a
u  u
* *
A ON A
IA CM i—H
CD < f A
IA rH
+ 1 + 1 +  1
IA A LA
CO < t COi—1 i—1
IA
LA
<r 
+ 1 
vo
CD
00
LA
A'
+ i +1
CM
CM
*
*
*
VO
LA
I—I
CM
+ I
ON
A
*
*
o '
IA
O
LA
+ I
A
rA
*
*
CM
fA
+ I
CO
ON
vo
LA 
(A  
+ I
O
O
CM
cn
.l:
cnDJ cn-X cn-X
0
O O O o
E E ON E E
p. p. 0 p. —<
LA CD C LA CD
ON o <r ON
r—{ CM CJo4-J0
■—i CM
ANF
MET
100-r
>
40-.
2 0 -.
1 32
Figure 5.2
The E ffect of Metyrapone (MET) and a-Naphthoflavone (ANF) on Antifungal 
Induced Ethoxycoumarin-Q-Deethylase A ctiv ity  on Hepatic Microsomes
Metyrapone and a-naphthoflavone were added to the incubation mixtures at a final
concentration of lOOyM. The results are expressed as a percentage activity  
remaining relative to a control incubation system comprising DMSO (0.4% v /v ) only, 
means of two experiments. Control activities for microsomes of c lo trim azole- ( l ) ,  
miconazole- (2) and ketoconazole- (3) pretreated animals were: 140, 121 snd 
53nmol/min per mg protein respectively in experiment 1 ( • )  and 12, 29 and 
37nmol/min per mg protein respectively in experiment 2 ( A ) .  Animals had been 
pretreated at the 290pmol/kg dose level.
1 2 3 4 5 6 7  8
Figure 5.3
Electrophoretogram of Hepatic Microsomes from Animals 
Pretreated with C lotrim azole, Miconazole and Ketoconazole
5.0pg of microsomal protein was loaded in each lane. Lane (1) control microsomes, 
lanes (3), (5) and (7) microsomes from animals pretreated with clotrimazole, 
miconazole and ketoconazole, respectively at 145pmol/kg, lanes (4), (6) and (8) 
microsomes from animals pretreated with clotrim azole, miconazole and 
ketoconazole, respectively at 290pmol/kg. Lane (2) molecular weight markers 
(0 .5pg each) (a) 17.2Kd, (b) 30.0Kd, (c) 45.0Kd, (d) 53.0Kd, (e) 60.0Kd, (f) 68.0Kd and
F igure  5.4
Densitometric Analysis of Hepatic Microsomes from  
Rats Pretreated with Imidazole-Antifunqal Agents
Electrophoresis conditions as in Figure 5.3. Microsomes were derived from animals 
pretreated with (a) 3-methylcholanthrene, (b) phenobarbital, clotrimazole: (c) 
145pmol/kg (d) 290pmol/kg and miconazole: (e) 145pmol/kg, (f) 290iimol/kg. The 
monomeric molecular weights of the principal proteins are indicated (Kd). 
Microsomes from ketoconazole-pretreated animals not shown.
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5.4.3 SD S-Polyacrylam ide Gel E lectrophoresis o f H epa tic  M icrosom al
Preparations from Animals Pretreated w ith Antifunqals
SDS-polyacrylamide gel electrophoresis of solubilised microsomes 
indicated that a number of bands, whose monomeric molecular weight fe ll within the 
cytochrome P-450 region, intensified following treatm ent with the antifungal 
imidazoles. Clotrim azole intensified bands at 47, 53, 54 and 56Kd in a dose- 
dependent fashion. The most prominent effect resulting from treatm ent of animals 
with clotrimazole was, however, a marked intensification of the band at 51Kd 
(Figure 5.3). Densitometric analysis of electrophoretically-resolved microsomal 
preparations from clotrim azole-pretreated animals and comparison with those from  
3-methylcholanthrene- and phenobarbitone-treated animals shows clearly that 
clotrimazole resembles the la tte r (Figure 5.4). The electrophoretic profile of 
microsomes from miconazole-pretreated animals, especially at the higher dose, was 
similar to that of clotrimazole. But in general, although proteins of molecular 
weight 47, 51, 54 and 57Kd were intensified, the e ffect was less marked than that 
observed with clotrimazole (Figures 5.3 and 5.4). Pretreatm ent of animals with 
ketoconazole caused an intensification of three proteins having monomeric 
molecular weights 47, 51 and 57Kd (Figure 5.3). In none of the microsomal
preparations from animals pretreated with the antifungals was there proteins which 
electrophoretically co-migrated with the major band observed afte r treatm ent with 
3-methylcholanthrene, ie, 55Kd (Figure 5.4).
5.4.4 Spectral Studies Employing Hepatic Microsomes from Antifunqal-
Pretreated Animals:
The binding of metyrapone to dithionite-reduced microsomes was 
enhanced by treatm ent of the animals with the three antifungal agents, clotrimazole  
being by far the most potent (Table 5.4); the e ffect was in all cases dose-dependent. 
The absorbance change at 446nm for the metyrapone complex was seen to be tim e-
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Figure 5.5 T i m e  ( m i n s )
The Time-Dependent Formation of a Metyrapone P-450 Complex with  
Sodium-Dithionite-Reduced Microsomes From Animals Pretreated  
with C lotrim azole, Miconazole and Ketoconazole
Washed microsomes were diluted with 0.1M phosphate buffer (pH7.45) to a final P - 
450 concentration of l.Onm ol/m l. A fte r reduction with sodium-dithionite, 
metyrapone was added (66pM) to the sample cuvette. The same volume of solvent 
(DMSO, 0.3% v/v) was added to the reference cuvette.
Table 5.5
The In te ra c tio n  o f E ry th rom yc in  w ith  H epatic  M icrosomes 
From  A nim als P re trea ted  w ith  K etoconazole, M iconazole and C lo trim azo le
M icrosom al
P repara tion
E ry th rom yc in
B in d in g ^
AA (385-422nm)
E ry th rom yc in  N -
D e m e th y la s e ^
(nm o l/m in /m g  p ro te in ) 
1 2_________
C on tro l Corn o il ND (c) 1.0 2.4
C lo trim azo le
M iconazole
145]im ol/kg
290 |im o l/kg
145pm ol/kg
290pm ol/kg
ND
0.024
ND
ND
1.0
1.2
Jd )
0.5
1.1
1.8
1.1
Ketoconazole 145pm ol/kg
290pm ol/kg
ND
0.019
0.9
0.9
1.2
1.7
3-M ethy lcho lanth rene  25m g/kg ND 1.5 1.7
Phenobarbita l
C on tro l
80m g/kg
Corn o il
ND
ND
1.4 2.0
3 .0 5 -0 .3 ^
Pregnenolone-16ot-
ca rb o n itr ile
lOOmg/kg 0.025 5 .07-0 .8*
(a) See legend to  F igure 5.6
(b) The m etabolism  o f e ry th rom yc in  (fin a l concen tra tion  l.O m M ) was 
determ ined as described in Section 5.3.2
(c) ND: N ot detected
(d) N ot determ ined
(e) In second experim ent the resu lts are expressed as means -  SEM o f three
ind iv idua l dete rm ina tions. *P  < 0.05. In the f irs t  experim ent, a c tiv it ie s
are from  two determ inations.
3 8 5 ,
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Figure 5.6
The Type I In te ra c tio n  o f E ry th rom yc in  w ith  H epatic  M icrosomes 
From  C lo tr im a zo le - and K e toconazo le -P re trea ted  Rats
Washed microsomes were d ilu ted  to a fin a l cytochrom e P-450 co ncen tra tion  o f 
l.O nm o l/m l. E ry th rom yc in  (1.5mM) was added to the sample cu ve tte , the same 
volume o f solvent (m ethanol, 2.0% v /v ) added to  the re ference cu ve tte . Spectra 
were recorded a fte r  10 m inutes at 25°C , w ith  m icrosomes fro m  anim als p re trea ted  
w ith  (a) ketoconazole and (b) c lo trim a zo le  a t 290pm ol/kg.
0 -0 3 t
£ 0 -0 2 -
0 -0 1 -
Figure 5.7
The Time-Dependent Type I Interaction of Erythromycin with 
Hepatic Microsomes from Clotrim azole-Treated Rats
Washed microsomes were diluted to a final cytochrome P-450 concentration of 
l.Onm ol/m l, with 0.1M phosphate buffer (pH7.45). Erythromycin (1.5mM) was added 
to the sample cuvette, while the same volume of solvent (methanol, 1.8% v/v) was 
added to the reference cuvette. Animals had been pretreated with 290pmol/kg 
clotrimazole.
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Figure 5.8
Hanes Plot for the Binding of Erythromycin to Hepatic Microsomes 
from Animals Pretreated with Clotrimazole
Washed microsomes were diluted to a final cytochrome P-450 concentration of 
l.Onm ol/m l, with 0.1M phosphate buffer (pH7.45). Erythromycin was added as lOpl 
aliquots to the sample cuvette. The same volume of solvent was added to the 
reference cuvette, methanol did not exceed 2.0% (v/v). Animals had been 
pretreated with 290jjmol/kg clotrimazole.
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Ch
dependent fo r m icrosomes o f animals p re trea ted  w ith  c lo trim a zo le . S im ila r, but 
less pronounced e ffe c ts  were observed upon p re trea tm e n t w ith  m iconazole (F igure 
5.5). W ith m icrosomes from  phenobarb ita l- and p regneno lone-16a-carbon itrile - 
p re trea ted  animals, sa tu ra tion  was achieved a fte r  2 m inutes (data not shown).
E ry th rom yc in  was seen to  in te ra c t w ith  m icrosomes from  animals 
p re trea ted  only w ith  the high doses o f c lo trim a zo le  and ketoconazole to e lic it  type I 
spectra l changes (Table 5.5, F igure 5.6); w ith  c lo trim azo le -m icrosom es the spectra l 
d issociation constant was found to be about 1.3mM (Figure 5.8). The e ry th rom yc in - 
induced type I spectra l change in c lo tr im a zo le -p re tre a te d  animals was tim e - 
dependent (F igure 5.7), th is  was not observed in any o f the o ther m icrosom al 
preparations studied (results not shown). In none o f the preparations was there 
observed any s ig n ifica n t induction  o f e ry th rom yc in  N -dem ethylase a c tiv ity  over and 
above tha t observed w ith  co n tro l m icrosom al preparations (Table 5.5).
M iconazole, c lo trim a zo le  and ketoconazole were also shown to  bind to 
hepatic m icrosom al preparations from  animals which had been p re trea ted  w ith  the 
respective an tifunga l agents (Table 5.6). The e ffe c t o f increasing dose on the 
spectra l binding param eters was c lea rly  observed in the case o f ketoconazole , where 
there was a dose-dependent decrease in the ex ten t o f binding ). S im ila r
e ffe c ts  were observed fo r the binding o f c lo trim a zo le  to  m icrosomes from  
c lo tr im a zo le -p re tre a te d  animals (Table 5.6). M iconazole p re trea tm e n t, on the o ther 
hand, did not g rea tly  a ffe c t the binding o f m iconazole to  the m icrosom al 
preparations.
5.4.5 Immunological Studies
The im m unoquantita tion  by ELISA o f two o f the fam ilies  o f cytochrom e 
P-450, nam ely the phenobarb ita l-cytochrom es P-450 and 3 -m e thy lcho lan th rene- 
cytochrom es P-448, revealed tha t c lo tr im a zo le  and m iconazole, but not
Figure 5.9
W estern B lo ts Em ploying  A n ti-C y to ch ro m e  P-450k P o lyc lona l A n tibod ies
P ro te in  samples were resolved by e lectrophores is  in a 10% (w /v ) S D S -po lyacry lam ide  
gel and tra n s fe rre d  e le c tro p h o re tic a lly  to  n itro ce llu lose . The im m unob lo t was 
p e rfo rm ed  w ith  ra b b it a n ti-c y to ch ro m e  P-450^ (d ilu ted  1:2000), donkey a n ti- ra b b it 
IgG (d ilu ted  1:100) and ra b b it peroxidase anti-perox idase  com plex (d ilu ted  1:1000). 
Solubilised m icrosom es (1 .8yg p ro te in ) were derived from : (1) 3 -m e th y lch o la n th re n e - 
(3) phenobarb ita l- and (4) c lo tr im a z o le - (5) m iconazo le- and (6) ke toconazo le -
p re trea ted  anim als at the high dose (2) p u r if ie d  cytochrom e P-450^ (0*14pg p ro te in ).
ketoconazole , induced the levels o f phenobarb ita l-cytoch rom e P-450 apoproteins in 
a dose-dependent fashion (Table 5.7). C ytochrom e P-448 levels were not increased 
by any o f the an tifunga l agents. The resu lts were ve rifie d  q u a lita tiv e ly  by a 
Western b lo ttin g  procedure; nam ely, th a t c lo trim a zo le  and m iconazole, but not 
ketoconazole , brought about the induction  o f tw o prote ins which could be im m uno- 
detected by ra b b it a n ti-cy toch rom e  P-450^ (F igure 5.9). No pro te ins were v is ib le  
when antibodies raised against cytochrom e P-450^ were used in Western blots 
(F igure 5 .TO).
Western b lo ts developed w ith  ra b b it an ti-cy toch rom e  P-450 P f^  (a n ti-P - 
450^) revealed tha t a ll three an tifunga l agents induced a p ro te in  which exh ib ited  
s im ila r e le c trop h o re tic  m o b ility , and immuno c ro ss -re a c tiv ity , to  th a t found in 
m icrosomes from  pregneno lone-16a-carbon itrile  (P C N )-p re trea ted  animals. In fa c t, 
q u a lita tiv e ly , c lo tr im a zo le  was seen to be an even more po ten t inducer o f th is 
p ro te in  than PCN. The levels o f th is  haem oprote in, a fte r  m iconazole and 
ketoconazole p re trea tm e n t, were s im ila r to  those present in phenobarb ita l-induced 
m icrosom al suspensions (F igure 5.11).
1 2  3  4  5  6
Figure 5.10
Western B lo t E m ploy ing  A n ti-C y to ch ro m e  P-45QC P o lyc lona l A n tibod ies
The im m unoblot was ca rrie d  out w ith  sheep a n ti-cy to ch ro m e  P -450c (d ilu te d  
1:12000), donkey anti-sheep IgG (d ilu ted  1:100) and sheep peroxidase an ti-pe ro x id ase  
complex (d ilu ted  1:1000). C ond itions as in F igure 5.9, except th a t lane 2 con ta ined  
P urified  P-450c (Q.21pg).
Figure 5.11
Western 31ot Em ploying A n ti-C y to ch ro m e  P-450 PB2C P olyclonal A n tibod ies ,
(a) The im m unob lo t was ca rried  out w ith  ra b b it a n ti-cy toch rom e  P-450 P&2c 
(d ilu ted  1:1000) donkey a n ti- ra b b it IgG (d ilu ted  1:100) and rabb it
peroxidase anti-perox idase  com plex (d ilu ted  1:1000). Solubilised
m icrosom es (2 .5yg) were derived from : (1) untrea ted  (2) phenobarb ita l-(3)
pregnenolone 1 6 a -c a rb o n itr ile - and (4) c lo trim a zo le -(5 ) m iconazo le- and
(6) ke toconazo le -p re trea ted  animals a t the high dose. The conditions
were the same as those described in F igure 5 .9 .
(b) E lec trophore tog ram  o f so lubilised microsomes (5.0yg p ro te in ) derived
from : (1) c lo tr im a z o le - (290ym ol/kg), and (2) pregnenolone-16a-
c a rb o n itr ile -p re tre a te d  animals. C onditions were those employed in 
F igure 5 .3 . The m o lecu lar w eights (Kd) o f the resolved m icrosom al 
p ro te ins are ind ica ted .

Table 5.7
Im m unoquan tita tion  o f Cytochrom e P-450 Prote ins in
the L iv e r o f Rats P re trea ted  w ith  A n tifu n q a l Agents
Values are means - SEM fo r 3-4 animals. The spec ific  contents o f to ta l, sp ec tra lly  
de tectab le , cytochrom e P-450 fo r the hepatic m icrosomes o f 3 -m ethy lcho lan th rene- 
and phenoba rb ita l-p re trea ted  animals were 1.03 - 0.09 and 1.67 - 0 .05nm ol/m g 
p ro te in , respec tive ly .
% o f To ta l M icrosom al P -4 5 0 ^
A nim a l T rea tm en t 3 -M ethy lcho lan th rene- Phenobarb ita l-
Cytochrom es P -4 4 8 ^  C ytochrom es P -4 5 0 ^
C on tro l < 1.0 2.3 - 1
C lo trim azo le 145pm ol/kg < 1.0 1 3 - 1
290pm ol/kg < 1.0 2 3 - 3
M iconazole 145pm ol/kg < 1.0
>—i 
+
1 oi—i
290pm ol/kg < 1.0
<r 
+
1•—i 
CNJ
Ketoconazole 145pm ol/kg < 1.0 < 1.0
290 jjm o l/kg < 1.0 < 1.0
3-M ethylcho lanth rene 25m g/kg 3 4 - 3 < 1.0
Phenobarbita l 80m g/kg < 1.0 2 2 - 3
(a) Expressed re la tive  to  the to ta l con ten t determ ined spec tra lly
(b) D eterm ined em ploying sheep a n ti-cy toch rom e  P-450c antiserum  (d ilu ted
1:32,000)
(c) D eterm ined em ploying ra b b it an ti-cy toch rom e  P-450^ antiserum  (d ilu ted
1:4000); 0.06-0.13pm ol o f to ta l P-450 was coated per w e ll. A ll antisera 
were d ilu ted  w ith  phosphate bu ffe red  saline in the presence o f 0.1% (w /v) 
gela tine  and 0.05% (v /v) Tween 20. The respective peroxidase-labe lled 
second antibodies were d ilu ted  1:15,000. Under these conditions lin e a r ity  
was observed fo r  the p u rified  and m icrosom al preparations over the range 
0-0.02pm ol and 0.01-0.13pmol, respective ly .
5.5 DISCUSSION
Im idazo le -con ta in ing  compounds, although p r im a rily  characte rised  as 
po ten t m ixed -func tion  oxidase inh ib ito rs , may also act as enzym e-inducing agents. 
When adm in istered o ra lly , the im idazo le -fung ic ide  prochloraz (R iv ie re , 1983) has 
been shown to bring about the induction  o f a number o f m ixed -func tion  oxidase 
a c tiv it ie s . Fu rthe rm ore , N -phenylim idazo le  (M urray e t al., 1985) and the novel 
anticonvulsant, nafim idone, (Rush e t a l., 1987), when adm inistered in tra p e rito n e a liy , 
have been shown to display p rim a rily  phenobarb ita l- and 3 -m e thy lcho lan th rene-type  
induction ch a rac te ris tics  respective ly . In add ition , the antifunga ls, itraconazo le , 
m iconazole and ketoconazole adm inistered in tra g a s tr ic a lly  to  ra ts  have been shown 
to s tim u la te  a number o f hepatic m icrosom al oxidase a c tiv it ie s  (Lavrijsen  e t al., 
1986). Indeed, im idazo le  is its e lf  an inducer, enhancing the synthesis o f a 
cytochrom e P-450 p ro te in  th a t is associated w ith  ethanol induction  in ra b b it 
m icrosomes (Koop et a l., 1985), the so-called cytochrom e P-450 LM-^g or P - 4 5 0 ^ ^  
(Coon and Koop, 1987). No such induction  by im idazole  o f a re la ted  p ro te in  in ra t 
m icrosomes, 'cy tochrom e P -4 5 0 j' (Thomas et a l., 1987, Reinke et a l., 1985) has been 
observed, even at doses as high as 200m g/kg/day (3000ym ol/kg /day). W ith the N - 
substitu ted  im idazoles, doses in the range 100-300 jjm o l/kg /day are norm a lly  
adm inistered w ith  d if fe re n t ia l e ffe c ts  on the hepatic m icrosom al m ixe d -fu nc tio n  
oxidases (Lavrijsen  jet a l., 1986; M urray e t a l., 1985; Rush et a l., 1987).
In the present study we have compared the induction p roperties o f three 
a n tifunga l agents, p lacing p a rtic u la r emphasis on the nature o f the isoenzymes th a t 
are induced. The O -dea lky la tion  o f pentoxyresoru fin , an enzyme reaction  cata lysed 
p rim a rily  by the phenobarb ita l-induc ib le  cytochrom es P-450 (Lubet ^ t  a l., 1985) was 
s tim u la ted  by a ll three an tifunga l agents, c lo trim a zo le  being by fa r the most po ten t. 
The induction  in th is  pen toxyresoru fin  m etabolism , however, were not as high as 
those observed a fte r  phenobarb ita l p re trea tm e n t (Burke e ta l. ,  1985).
F u rth e r evidence fo r the induction o f phenobarb ita l-cy toch rom e P-450 
p ro te ins was obta ined fro m  SDS-polyacrylam ide gel e lectrophoresis data, where 
in te n s ific a tio n  o f the p ro te in  bands, corresponding to  those present a fte r  
phenobarb ita l p re tre a tm e n t, were observed.
The im m uno log ica l analysis o f various m icrosom al prepara tions em ploying 
ELISA a llow ed fo r a q u a n tita tive  approach to the es tim a tion  o f the induction  o f the 
re levan t apoproteins. The im m unoquantita tion  o f phenobarb ita l-induced 
cytochrom es P-450 and 3-m ethy lcho lanth rene-induced cytochrom es P-448 in 
m icrosom es fro m  phenobarb ita l- and 3 -m e thy lcho lan th rene -p re trea ted  anim als 
respec tive ly , y ie lded resu lts  which were s im ila r to those prev ious ly  obta ined in our 
labora to ries  em ploying rad ia l im m unod iffus ion  analysis (G G Gibson, personal 
com m unica tion). However, these resu lts  are re la t iv e ly  low , when com pared w ith  
those obta ined by other workers (Thomas e t a l., 1980; W olf e t a l., 1984a) and may be 
explained p a rtly  by the presence o f sp ec tra lly  undetectab le  haem -free  apopro te in  in 
both p u r if ie d  cytoch rom e P-450 prepara tions used as standards in the ELISA 
(Heuman e t a l., 1982). In add ition , the varying  resu lts obta ined by d if fe re n t groups 
may re f le c t  s tra in  d iffe rences, w ith  respect to the induction  and absolute 
m icrosom al leve ls o f these p a rtic u la r isoenzymes o f cytoch rom e P-450.
The resu lts  from  the ELISA showed tha t c lo tr im a z o le  and m iconazo le , but 
not ke toconazo le , enhanced the leve ls o f phenobarb ita l-induced cytochrom es P-450 
apoprote ins, the induction  being s im ila r to  tha t observed a fte r  phenobarb ita l 
p re tre a tm e n t. B ut in the case o f m iconazole, these changes occurred w ith o u t a 
m arked increase in the spec ific  con ten t o f to ta l, sp ec tra lly -d e te c ta b le , cytochrom es 
P-450. Q u a lita tiv e  im m unoblots w ith  antisera  raised to  p u r if ie d  phenobarb ita l- 
induced cytoch rom e P-450^ v e r if ie d  these results, revea ling  the presence o f two 
bands in the m icrosomes from  the c lo tr im a z o le - and to  a lesser e x te n t, m iconazo le -
trea ted  anim als. These bands correspond to cytochrom e P-450^ and its  im m uno- 
re ia ted  isoenzyme cytochrom e P-450^, present in microsomes a fte r  phenobarb ita l- 
p re tre a tm e n t (Ryan e t a l., 1982).
A li three antifunga ls induced the O -dee thy la tion  o f e thoxyresoru fin , a 
reaction  exc lus ive ly  catalysed by the cytochrom es P-448, cytochrom es P-450c and, 
to a much lesser ex ten t, P-450d (Ryan et a l., 1982; Guengerich et a l., 1982; 
Phillipson et aL, 1984). A s im ila r pa tte rn  was observed w ith  e thoxycoum arin  O- 
deethylase which p r im a rily  re fle c ts  cytochrom es P-448 a c tiv ity  (Guengerich et a l., 
1982). The ex te n t o f e thoxyresoru fin  O -deethylase induction  observed (m ax im a lly  6- 
fo ld) is m arkedly low er than tha t observed w ith  po lycyc lic  a rom a tic  hydrocarbon 
inducers (Burke e t a l., 1985), but no increase in cytochrom e P-448 apoprotein(s) was 
evident upon SDS-polyacrylam ide gel e lectrophoresis, Western b lo ttin g  or by 
im m unoquantita tion .
The antifunga l-induced O -dee thy la tion  o f e thoxycoum arin  was 
p re fe re n tia lly  inh ib ited  by m etyrapone, a se lective  in h ib ito r o f the phenobarb ita l- 
induced cytochrom es P-450 (Testa and Jenner, 1981), when compared w ith  the 
cytochrom e P-448 in h ib ito r a -naphthoflavone. C o lle c tive ly , a ll o f the above data 
provide evidence tha t c lo trim a zo le  and m iconazole are potent inducers o f the 
m ixed -func tion  oxidase system, se lec tive ly  inducing phenobarb ita l-induc ib le  
cytochrom es P-450. C e rta in ly , m iconazole has been previously shown to  be an 
inducer o f ra t and mouse m ixed -func tion  oxidase a c tiv it ie s  associated w ith  
phenobarb ita l-induc ib le  cytochrom es P-450 (James, 1984; Lavrijsen  et a l., 1986).
In concert w ith  these findings is the observed increase in the m etyrapone 
com plex fo rm a tio n  w ith  d ith ion ite -reduced  cytochrom e P-450 fo llo w in g  the 
tre a tm e n t o f animals w ith  an tifunga l agents; once again, ketoconazole  was the
weakest inducer. The increase in m etyrapone com plex is associated w ith  
cytochrom e P-450 isoenzymes induced by phenobarb ita l and the s tero id  
p regneno lone-16a-carbon itrile  (PCN), but not w ith  the  p o lycyc lic  a rom a tic  
hydrocarbon (P A H )-inducib le  cytochrom es P-448 (Ivane tich  e t a l., 1982; Parkinson e t 
a l., 1982).
F in a lly , a ll three an tifunga l agents increased the N AD PH-dependent 
reduction  o f cytochrom e c, as w e ll as the liv e r  w e igh t/body w e ight ra tio , 
presum ably as a resu lt o f p ro life ra tio n  o f the endoplasm ic re tic u lu m  ch a ra c te r is tic  
o f phenoba rb ita l-type  inducers (Ioannides and Parke, 1975).
As ye t unexplained, are the m arg ina l inductions observed fo r  the 
m etabo lism  o f both 7-e thoxycoum arin  and 7 -e thoxyresoru fin . The fo rm e r has been 
shown to  be also a substrate fo r the phenobarb ita l-induc ib le  cytochrom es P-450 in 
both p u rifie d  and m icrosom al systems (Guengerich, 1978; Guengerich e t a l., 1982). 
There fo re , in the case o f c lo tr im a zo le  and m iconazole  p re tre a tm e n t, the 
im m uno log ica lly -de tec ted  phenobarb ita l-induc ib le  isoenzymes may be responsible 
fo r the observed induction  in the m etabolism  o f th is  substra te . On the  o the r hand, 
the observed m axim al 3- to 6 -fo ld  inductions in e thoxyresoru fin -O -dee thy lase  
a c t iv ity  can be a ttr ib u te d  in part, especia lly  a fte r  ke toconazo le  p re tre a tm e n t, to  
the induction  o f as ye t un iden tified  isoenzymes o f cy toch rom e P-450 d is t in c t from  
those induced by 3-m ethy lcho lanth rene.
E le c trop h o re tic  analysis revealed th a t a ll th ree  a n tifu n g a l agents, 
especia lly  c lo tr im a zo le , in tens ified  a p ro te in  band o f a m onom eric m o lecu la r w e igh t 
o f  about 51Kd. The appearance o f such a p ro te in , fo llo w in g  tre a tm e n t o f anim als 
w ith  c lo tr im a zo le  (Kahl e t a l., 1980) and N -phenylim idazo le  (M urray e t a l., 1985) has 
a lready been described. To date, the tw o best docum ented ra t  isoenzymes o f the
corresponding m onom eric m olecu lar w e ight are the e thano l-induc ib le  cytochrom e P-
450j (Ryan et a l., 1985) and the P C N -inducib le  cytochrom e P-450^ (Elshourbagy and
Guzelian, 1980). The fo rm er belongs to  the P-450 IIE gene sub-fam ily  o f
cytochrom e P-450 prote ins (N ebert e t a l., 1987) and has been shown to display high
aniline-p-hydroxylase  a c tiv ity  (Ryan et a l., 1985). Since th is a c t iv ity  is only s lig h tly
increased, and only in the case o f ketoconazole, i t  is un like ly  tha t i t  is the e thanol-
inducib le  isoenzyme. C e rta in ly , no marked induction  o f N -n itrosod im e thy lam ine  N -
dem ethylase a c tiv ity  has been observed a fte r  p re trea tm e n t w ith  c lo trim a zo le ,
tioconazole  or m iconazole (R itte r  and F rank lin , 1987a). This a c t iv ity  has also been
a ttr ib u te d  to the e thano l-inducib le  cytochrom e P-450^ (Thomas et a l., 1987; Patten
et a l., 1986). Undoubtedly, v e rif ic a tio n  awaits ELISA and Western b lo ttin g
experim ents w ith  the appropria te  antisera. An a lte rn a tive  poss ib ility  is th a t the
an tifunga l-induced p ro te in  is s im ila r to tha t induced by pregnenolone-16c:-
c a rb o n itr ile  (PCN), cytochrom e P-450 (Elshourbagy and Guzelian, 1980), P-450
P
PB/PCN-E (Guengerich et a l., 1982) and P-450 PB2a (Waxman at a l., 1985). This
member o f the P-450 III gene fa m ily  (N ebert e t a l., 1987) has been shown to e xh ib it
substrate s p e c ific ity  towards m acro lide a n tib io tics  such as e ry th rom yc in  (W righton
e t a l., 1985, 1985a). In the present study, although no enhanced N -dem ethylase
a c t iv ity  was observed, a type I spectra l in te ra c tio n  was seen when e ry th rom yc in  was
incubated w ith  m icrosomes from  c lo tr im a zo le - and ke toconazo le -trea ted  animals.
No such spectra l pertu rba tions were observed a fte r m iconazole-, phenobarb ita l- or
3 -m e thy lcho lan th rene-p re trea tm en t. Induction o f cytochrom e P-450^ was ve rif ie d
in the a n tifu ng a l-p re tre a te d  animals, by q u a lita tive  Western b lo ttin g  w ith  antisera
raised against pu rified  cytochrom e This cytochrom e has been p u rifie d  from
phenoba rb ita l-p re trea ted  animals (W olf e t a l., 1984b) and has had its  N -te rm in a l
amino acid sequence determ ined, which is v ir tu a lly  id e n tica l to two cDNAs
belonging to  the PC N -inducib le  species, cytochrom e P-450 (W olf e t a l., 1986). The
P
fa c t th a t the above workers and others (Heuman e t a l., 1982) suggested th a t
cytochrom e P-450^ is induced by non-stero ida l (phenobarb ita l-type) inducers may 
mean th a t the P-450 IIB and P-450 III genes are under co -regu la tion . R ecently , 
documented evidence from  tissue cu ltu re  experim ents lends support to  th is 
hypothesis (Schuetz e t a l., 1986). On Western b lo ttin g  w ith  an ti-cy to ch ro m e  PB2c, 
i t  was evident tha t c lo tr im a zo le  was an even b e tte r inducer o f th is  cytochrom e than 
pregnenolone 1 6 a -ca rb o n itr ile  (PCN), and th a t th is  haem oprotein was present in low 
levels a fte r  phenobarb ita l-, m iconazo le- and ke toconazo le -p re trea tm en t. The lack 
o f e ry th rom yc in  binding to  phenobarb ita l- and m iconazole-induced m icrosomes, 
despite the presence o f cytochrom e P-450^ (PB2c), may be explained p a rtly  by the 
fa c t tha t the haem oprote in probably constitu tes  a sm alle r percentage o f the to ta l 
m icrosom al cytochrom e P-450 pool present. As e ry th rom yc in  has a re la tiv e ly  low 
a f f in ity  (K s~ 1 .3m M ) it  may not bind very e ff ic ie n t ly  to these m icrosom al 
p reparations.
Induction o f m ixed -func tion  oxidase a c tiv ity  by the an tifunga l agents was 
not dose-dependent, w h ile  such an e ffe c t was evident when the cytochrom e P-450 
pro te ins were im m unoquantified . I t  may be in fe rred  tha t the induced p ro te ins are 
not fun c tio na l, presum ably because the an tifunga l agents and/or th e ir  m etabo iite (s) 
are s t i l l  present in the m icrosom al suspensions, e ithe r in so lu tion  or bound to 
cytochrom e P-450. The e ffe c t was most marked in the case o f m iconazole, a t both 
dose levels. This is fu r th e r supported by the re la tiv e ly  large d iffe rences observed 
w ith  cytochrom e P-450-dependent ox ida tive  m etabolism  a fte r  _ c lo tr im a z o le - 
p re trea tm e n t at the high dose, which have also been observed by Kahl e t a l., (1980). 
In the same m icrosom al preparations, the fa c t th a t the m agnitude o f the 
e ry th rom yc in  type I spectra l pe rtu rba tion  was tim e-dependent ind ica ted  th a t the 
m acro lide a n tib io tic  was displacing a cytochrom e P-450-bound ligand, w hich may 
also explain the observed lack o f induction  o f e ry th rom yc in  N -dem ethylase a c t iv ity .  
Fu rthe rm ore , although there were no s im ila r e ffe c ts  on the binding o f carbon
monoxide to  a n tifu n g a l-p re tre a te d  m icrosom al preparations (data no t shown), there  
was a delay in a tta in m e n t o f m axim al m etyrapone binding under d ith ion ite -re du ce d  
conditions. Secondly, the e ffic ie n c y  o f an tifunga l binding (AA ) was ajgo seen
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to decrease upon p re tre a tm e n t w ith  the respective  a n tim y c o tic  agent.
I f  these res idua l leve ls o f an tifunga l agent are e xe rting  an in h ib ito ry  
e ffe c t, 24h a fte r  the f in a l dose, then the p rin c ip a l mechanism is most lik e ly  to 
invo lve  d ire c t, h ig h -a ff in ity ,  revers ib le  lig a tio n  to  the haem o f m icrosom al 
cytochrom e P-450 (C hapters 3 and 4). In a ll o f the cases stud ied, washing o f the 
m icrosomes did not increase the observed m ixed -func tion  oxidase a c tiv it ie s  (resu lt 
not shown), an unexpected resu lt in the lig h t o f the revers ib le  na tu re  o f cytochrom e 
P-450 binding (Mason e t a l., 1985). One possible explanation fo r  these find ings is 
th a t these lip o p h ilic  compounds (eg, ketoconazole log P = 3.73 in 1 -o c ta n o l/w a te r, 
Heel, 1982) may be p a rtit io n in g  them selves between the m icrosom al aqueous and 
lip id  (membrane) phases and th a t washing w ill e ffe c t iv e ly  rem ove only aqueous 
phase-associated ligand . In the washed m icrosomes, lip id -assoc ia ted  ligand may 
reve rs ib ly  bind to  cy toch rom e  P-450. C e rta in ly  the ac tive  s ite  o f cy toch rom e P-450 
is believed to  be close ly associated w ith  the surrounding m icrosom al phospholipid 
b ila ye r (Parry e t a l., 1976). Since im idazo le  its e lf  (M arriagg i e t a l., 1973), and N ^- 
substitu ted  im idazo les such as econazole (M idg ley e t a l., 1981) and ke toconazole  
(Heel, 1982) undergo ox id a tive  m etabolism  in v ivo , i t  may be possible th a t a 
m e tabo lite  m igh t be associated reve rs ib ly  w ith  the cytoch rom e P-450. This has 
already been shown w ith  compounds such as SKF-525A, isosafro le  and 
tria ce ty lo le a nd o m yc in  (Reviewed: M urray, 1987) or irre ve rs ib ly , as shown w ith  1- 
am inobenzo triazo le  (Reviewed: W ilkinson and M urray, 1984). In our studies no 
sp e c tra lly -d e te c ta b le  com plexes were observed, although abnorm al spectra  were 
obta ined upon reduc tion  o f m icrosomes fro m  c lo tr im a z o le -p re tre a te d  anim als. 
P re lim ina ry  experim ents revealed th a t the observed absorbance band a t
444nm dim in ished upon incubation  w ith  potassium fe rric ya n id e , a lthough fu r th e r 
w ork is requ ired  (resu lts  not shown). W hatever the mechanism , i t  is the re fo re  lik e ly  
th a t the inducing e ffe c ts  o f these im idazoles are underestim ated when determ ined 
by the use o f model substrates. R ecently , R it te r  and F ra n k lin  (1987a & b) have 
suggested the p repa ra tion  o f m icrosom al suspensions as much as 50h a fte r  the fin a l 
dose o f the im idazo le , in order to  obviate  any e ffe c ts  o f residua l inducer. These 
problem s can be c ircum ven ted  by the use o f isoenzym e-specific  antise ra , since 
antibodies do not d if fe re n t ia te  between free  and ligand-bound apopro te in .
To date, the re  is no pharm acokinetic  data fo r these a n tim y c o tic  agents at 
the high doses em ployed in th is  study. There fo re  fu r th e r unequivocal v e r if ic a t io n  of 
th e ir  presence in the m icrosom al suspensions w il l  requ ire  d ire c t q u a n tita tio n , eg, 
high perfo rm ance liq u id  chrom atography (HPLC). However, the e lim in a tio n  h a lf- l ife  
in ra ts has been estim a ted  a t approx im ate ly  26h, a fte r  a single o ra l dose o f lO m g/kg 
ketoconazole (Heel, 1982). A large percentage o f the dose (60%) was b ilia ry  
excre ted.
The dose leve ls  employed in th is  study are re la t iv e ly  high and, as 
c lo tr im a zo le  and m iconazole  are now p r im a rily  used to p ic a lly , i t  is u n like ly  th a t 
high concen tra tions are achieved sys tem ica lly  during therapy. O ra l the rapy w ith  
c lo tr im a zo le  has been associated w ith  a number o f tox ic  s id e -e ffe c ts  (D 'A rcy  and 
Scot, 1978; Mahgoub, 1972; Te ttenborn , 1974), w h ile  the b io a v a ila b ility  o f 
m iconazole is poor due to  lack o f absorption from  the g a s tro in te s tin a l t ra c t  
(Lavrijsen  e t a l., 1986). System ic adm in is tra tion  o f the tw o  has been associated 
w ith  the e leva tion  o f liv e r  enzymes in man, and both compounds are believed to  
induce th e ir  own m e tabo lic  deactiva tion  in the liv e r  (Lewis e t a l., 1984; M e d o ff and 
Kobayashi, 1980; H o lt, 1974). On the o ther hand, ketoconazole is ra p id ly  absorbed in 
the in tes tine , w ide ly  d is trib u te d  fo llo w in g  ora l a dm in is tra tio n , and hence is
c u rre n tly  em ployed as an o ra l a n tim y c o tic  (3m g/kg/day) (Janssen and Vanden 
Bossche, 1986; Oates and Wood, 1987). R ecently , high dose ke toconazo le  therapy (3 
x 5m g/kg /day) has also been used fo r  the m anagement o f advanced p ro s ta tic  
androgen-dependent cancer (T rach tenberg  and Pont, 1984; Oates and Wood, 1987).
In about 5 to  15% o f cases, pa tien ts  on this fung ic ide  have su ffe re d  fro m  
trans ien t s id e -e ffe c ts . These have included h ep a titis , anorexia , jaund ice  and 
vom iting  (Lew is £ t  a l., 1984; H eiberg and Svejgaard, 1981; Buchi e t a l., 1986), and 
the e leva tion  o f serum  transam inase and a lka line  phosphatase a c t iv it ie s  (Janssen and 
Symoens, 1983; Buchi e t a l., 1986). Incidence o f p o te n tia lly  serious hep a tic  in ju ry  
appears to  be low  (1 in  15,000) (Lew is e t a l., 1984). The e xac t m echanism s o f 
ke toconazo le-associa ted hepa tic  in ju ry  rem ain unclear and i t  is no t known w he the r 
or not o x id a tive  m etabo lism  is invo lved (Buchi e t a l., 1986). K e toconazo le  is 
m etabolised jn  v iv o , bu t as ye t no to x ic  m etabo lites have been id e n t if ie d  (H eel, 
1982; Lew is e t a l., 1984).
A t  the ty p ic a l o ra l doses o f ketoconazole  employed (5m g /kg ) e lim in a tio n  
h a lf- liv e s  have been de te rm ined  to  be approx im ate ly  lOh in man (H ee l, 1982). 
A lthough considered re la t iv e ly  low , these doses are adm in is te red  c lin ic a lly  on a 
lo n g -te rm  basis and the lip o p h ilic  nature o f the drug may mean th a t i t  is no t re a d ily  
e lim ina ted  fro m  the body. C e rta in ly , ketoconazole (H eel, 1982) and econazole 
(M idg ley, 1981) a fte r  a single oral dose (5-10m g/kg) have been shown to  be 
com p le te ly  excre ted  in man only a fte r  4-5 days, due to  slow fa e ca l e xc re tio n . 
F u rthe rm ore , m ic o n a z o le '( lm g /k g  p.o.) has been shown to  be deposited in  body fa t  
a fte r  24h in man (Kozuzum e e t a l., 1976).
The resu lts  fro m  the im m uno log ica l, e le c tro p h o re tic , e ry th ro m y c in - and 
m etyrapone-spectra l b inding experim ents herein, p rovide evidence th a t
ketoconazole  is a moderate cytochrom e P-450 inducer o f the P C N -type . From  
e ry th rom yc in  binding experim ents i t  has been estim ated tha t about 20% o f the to ta l 
m icrosom al cytochrom e P-450 present was involved in b inding (Table 5.5). 
Undoubtedly, de ta iled  q ua n tita tio n  o f th is isoenzyme w il l have to invo lve ELISA. 
The exact com position and nature o f the isoenzymes making up the rem ainder o f the 
cytochrom e P-450 pool a fte r  ke toconazo le -p re trea tm en t rem ains to be more fu lly  
e lucidated.
I t  the re fo re  seems tha t ketoconazole exh ib its  a unique p a tte rn  o f
induction , when compared to c lo trim a zo le  and m iconazole. The m icrosom al
cytochrom e P-450 populations induced by th is  agent are d if fe re n t both in q u a lita tiv e
term s, ie, isoenzyme nature, and q u a n tita tiv e ly  w ith  respect to the d is tr ib u tio n  o f
*
isoenzymes. S im ila r conclusions have been put fo rw ard  by Lavrijsen  et a l., (1986) 
and Thomson e t _al., (1987), a lb e it only on the basis o f induced m ixe d -fu nc tio n  
oxidase a c tiv it ie s . An in te res ting  fa c t is tha t ketoconazole has been shown to  be 
s tru c tu ra lly  s im ila r to ste ro ida l agents such as dexamethasone, pregnenolone-16a- 
ca rb o n itr ile  (PCN) and lanostero l by com putergraph ic techniques (D F V Lew is, 
personal com m unication) (F igure 3.13). Dexamethasone and PCN have been known 
fo r some tim e  to be inducers o f cytochrom e P-450^ (PB2c) (W righton e t a l., 1985; 
Schuetz e t a l., 1986).
The three antifunga ls agents in th is  study have already been shown to  be 
potent inh ib ito rs  o f hepatic m ixed -func tion  oxidase a c tiv ity , both w ith  m icrosom al 
preparations (C hapter 3) and w ith  p u rifie d  (C hapter 4) preparations o f cy tochrom e 
P-450. In a ll studies ketoconazole was always the weakest in v itro  in h ib ito r and i t  is 
in te res ting  th a t th is  compound is also the poorest inducer, ind ica ting  a possible 
re la tionsh ip  between in h ib ition  and induction . S im ila rly , c lo trim a zo le  is the m ost 
po ten t jn  v itro  in h ib ito r as w e ll as the most po ten t inducer o f  the hepatic  m ixed- 
func tion  oxidase system, as has been shown in v ivo by Niemegeers e t a l., (1981).
In conclusion, the present study dem onstrates th a t:
(a) Im idazo le -con ta in ing  an tifunga l agents are po ten t inducers o f the ra t 
hepa tic  m icrosom al m ixed -func tion  oxidase system.
(b) The ir in d uc tive  e ffe c t may be underestim ated because o f re te n tio n  o f the 
agent and /or its  m etabo lite (s) in the m icrosomes, g iv ing  rise  to  in h ib itio n .
(c) M iconazo le  and c lo tr im a zo le  are p r im a rily  phenoba rb ita l-type  inducers.
This se lec tive  induction  co rre la tes  w e ll w ith  the dete rm ined  in v itro  and 
ex v ivo  in h ib ito ry  se le c tiv it ie s  (C hapter 3 and 4). So, a t leas t w ith  the 
phenobarb ita l-induc ib le  isoenzymes, there  may be a re la tion sh ip  between 
induction  and in h ib itio n .
(d) In the case o f the an tifunga l agents studied, th e ir  se le c tive  cy toch rom e  P- 
430 induc tion  could be p red ic ted  by a com pute rg raph ic -a ided  
considera tion  o f th e ir  s tructu res.
(e) K etoconazo le  is a re la tiv e ly  poor inducer o f the phenoba rb ita l- or 
p o lycyc lic  a ro m a tic  hydrocarbon-inducib le  cytochrom es P-450.
(f) M iconazo le , c lo tr im a zo le  and ketoconazole are inducers o f cy toch rom e P-
450 ; c lo tr im a z o le  is more po ten t than the p ro to typ e  inducer, 
P
pregneno lone-16a-ca rbon itrile .
(g) The in d u c tive  p roperties o f these compounds are dependent on the  natu re  
o f the N ^-im id a zo le  substituents.
CHAPTER 6
THE EFFECTS OF INTRAPERITO NEAL ADM IN ISTRA TIO N OF THE FO O D  
M UTAG EN, 2 -A M IN O -3-M E TH Y L-IM ID A ZO -(4 ,5 -f)-Q U IN O LIN E  ON 
THE RAT LIVER MICROSOMAL CYTO CHRO M E P-450 SYSTEM
6.1 IN TR O D U C TIO N
To date, w ith in  the supe rfam ily  o f hepatic m icrosom al cytochrom e P-450 
genes (N ebert et a l., 1987), the best documented cytochrom e P-450 gene fam ilie s  
are those com prising the p o lycyc lic  a rom a tic  hydrocarbon (P A H )-inducib le  
cytochrom es P-448 (ra t cytochrom es P-450c and P-450^) and the phenobarb ita l- 
inducib le  cytochrom es P-450 (ra t cytochrom es P-450^ and P-450e) (Ryan et a l., 
1982). These prote ins are believed to  be under separate regu la to ry  co n tro l. While 
the actua l mechanism o f induction  o f cytochrom es P-450 by phenobarb ita l and 
phenobarb ita l-type  inducers remains unknown (G oldstein, 1984, N ebert and 
Gonzalez, 1985), the induction  o f the low-spin cytochrom e P-448 (P-450c ) by PAHs 
such as 3 -m ethy lcho lanth rene, 8-naphthoflavone, benzo(a)pyrene and d ioxin  (TCDD) 
is known to be associated p r im a rily  w ith  the so-called 'Ah re ce p to r' (N ebert and 
Gonzalez, 1985; Goldstein, 1984; N ebert et a l., 1981; W h itlock, 1987; Denison and 
W ilkinson, 1985). B inding to  th is  p ro te in  has been associated w ith  the induction  of 
m icrosom al cytochrom e P-450c (P^-450)-dependent a ry l-hydrocarbon  hydroxylase 
(AH H ) a c tiv ity  (G oldstein, 1984; Ohyama, 1984) and more re ce n tly , w ith  7- 
e thoxyresoru fin -O -deethy lase  a c tiv ity  (Lum et a l., 1986). On the o ther hand, there  
is evidence to  suggest th a t induction  o f cytochrom e P-450^ is essentia lly  d issociated 
from  th is classical Ah recep to r mechanism, especia lly in the case o f m ethylene- 
d ioxyphenyl compounds such as sa fro le  and isosafrole (Fennell e t a l., 1980; Ohyama 
et a l., 1984; K a w a jir i et a l., 1984) and the tw o haemoproteins are considered not to 
be under coordinated regu la to ry  con tro l (Thomas e t a l., 1983; Fagan e t a l., 1986).
Fo llow ing th e ir  successful so lub ilisa tion , p u r if ic a tio n  and 
charac te risa tion , these tw o  fam ilie s  o f cytochrom e P-450 have been shown to  d if fe r  
in th e ir  s tru c tu re  and substrate sp e c ific itie s  (Ryan et a l., 1982; Guengerich e t a l., 
1982). They possess d is t in c tly  d iffe re n t substra te-b ind ing  sites (Lew is e t a l., 1986;
P hillipson et a l., 1982; Ioannides e t a l., 1984), which explains th e ir  d if fe re n t ro les in 
the phase I m etabo lism  o f drugs, food, indus tria l chem icals and o the r xenob io tics  
(Ioannides e t a l., 1984; Parke et a l., 1987). The phenobarb ita l-induc ib le  cytochrom es 
P-450 have been associated p r im a r ily  w ith  the dea c tiva tion  or d e to x ica tio n  o f 
chem icals v ia  oxidations a t s te r ic a lly  unhindered carbon centres. The cytochrom es 
P-448 bring about the a c tiv a tio n  o f xenob io tics via cytochrom e P-450c -dependent 
epoxidations at s te r ic a lly  h indered (bay-region) carbon centres (Parke and Ioannides, 
1982, 1984; Parke, 1987, Ioannides e t a l., 1984), and cytochrom e P ^S O ^-dependent 
N -h yd ro xy la tion  o f p rim a ry  and secondary arylam ines, eg, 2 -naph thy lam ine  
(Hammons e t a l., 1985), N -m ethy l-4 -am inoazobenzene (K im u ra  e t a l., 1985), 2- 
ace ty lam ino fluo rene  (A strom  and D eP ierre , 1985) and the p ro te in  pyro lys is  products, 
eg, 2 -am ino-6 -m e thy ld ipyrido  [I^ -a ^ '^ '-d ^ J - im id a z o le  (G Iu-P-1) and 3 -a m in o - l-  
m e th y l-5 H -p y rid o - [4 ,3-b ] -indo le  (T rp-P -2) (Kato , 1986; Nohm i e t a l., 1987, 
Yam azoe e t a l., 1984). These oxidations are known to  in it ia te  the  fo rm a tio n  o f 
e le c tro p h ilic  species, which bind to  ce llu la r m acrom olecules and in it ia te  the to x ic  
event (Ioannides e t a l., 1984; G uenther and Oesch, 1983). S im ila r ly , the p ro te in  
pyro lysate , 2 -am ino -3 -m e thy lim idazo (4 ,5 -f) qu ino line (IQ) and its  analogues, M elQ  
and MeIQx , have been shown to  be h igh ly  m utagenic in  the Am es/S a lm one lla  assay 
(K a to , 1986) and to  requ ire  a c tiv a tio n  by both m icrosom al and cy to so lic  fra c tio n s  
(Abu-Shakra e t a l., 1986, 1987). In m icrosomes, the p rin c ip a l m echanism  o f 
a c tiv a tio n  invo lved is cytochrom e P-450cj-m ed ia ted  N -h yd ro xy la tio n  (K a to , 1986; 
Yam azoe e t a l., 1983, 1984).
Since arylam ines such as 2 -ace ty lam ino fluo rene  (Sato e t a l., 1981, A s trom  
and D eP ierre , 1986), 4 -am inobiphenyl (Steele and Ioannides, 1986) and 3 -a m in o - l,4 -  
d im e th y l-5 H -p y r id o - [4 ,3 -b ]- in d o le  (T rp-P -1) (Degawa et al*, 1985) are known to  be 
cytochrom e P-448 inducers, are thus in e ffe c t inducing th e ir  own m etabo lism  and 
a c tiva tio n . The present study was ca rried  out in  o rder to  de te rm ine :
(a) I f  IQ, essen tia lly  a 1 ,2 ,4 ,5 -substitu ted  benzim idazole , is an inducer o f the
hepatic m icrosom al cytochrom es P-450.
(b) I f  the induction  is ch a ra c te ris tic  o f the 3 -m e thy lcho lan th rene-type
inducers, as pred ic ted  by analogy to  o ther amines and fro m  a 
com putergraph ic-a ided study o f IQ m o lecu lar s tru c tu re .
(c) I f  the induction  is m ediated through the Ah recep to r.
6.2 M ATERIALS
2 -A m ino -3 -m e th y lim id azo -(4 ,5 -f)-q u in o line  (IQ) was supplied by Wako 
Chem icals (Osaka, Japan). A ll o ther chem icals, reagents and co fac to rs  were 
purchased from  the sources c ite d  in C hapter 2.
6.3 METHODS
6.3.1 Animals and Animal Pretreatm ent
Male W istar albino ra ts  (150 - 3g) were obtained from  the A n im a l 
Breeding U n it, U n ive rs ity  o f Surrey. Throughout the dosing procedure a ll anim als 
were a llowed food and tap w a te r ad lib itu m . 2 -A m in o -3 -m e thy l- im idazo  (4 ,5 - f) -  
quinoline was adm inistered by single da ily  in tra pe rito n ea l in jec tions on th ree  
consecutive days, a t tw o  dose levels, 5m g/kg (25 ]im o l/kg) and 20m g/kg 
(100 ijm o l/kg ). C on tro l animals rece ived the corresponding volume o f corn o il, which 
never exceeded 1.0m l. A ll animals were k ille d  by ce rv ica l d is location  24h a fte r  the 
las t a dm in is tra tion .
Male C 57BL/6 and D B A /2  s tra in  m ice (35-40g) were purchased from  
Bantin  and K ingm an Labo ra to ry  A n im a l Consultants (Grunston, A ldborough, H u ll). 
The anim als were a llow ed food and w a te r ad lib itu m . 2 -A m ino -3 -m e thy lim idazo - 
(4 ,5 -f)-qu ino line  (IQ) was adm inistered by single da ily  in tra p e rito n e a l in jec tions 
(20m g/kg) on three consecutive days. The co n tro l animals from  each s tra in  rece ived 
the corresponding volume o f corn o il. Again, a ll animals were k ille d  by ce rv ica l 
d is location  24h a fte r the la s t adm in is tra tion .
6.3.2 The Preparation of Hepatic Microsomal Fractions
A fte r  sa c rifice , a ll live rs  were im m ed ia te ly  excised and washed w ith  ice - 
cold 1.15% (w /v) KC1. H epatic  tissue was m otor homogenised in 1.15% (w /v ) KC1 to  
give a fin a l concen tra tion  o f 0.25g liv e r /m l. H epatic  pos t-m itochond ria l 
supernatant (9000 x g supernatant) and m icrosom al suspensions (105,000 x g pe lle t, 
resuspended) were prepared as previously described (C hapter 3). A ll p reparations 
were stored at -20°C  as the post-m itochond ria l supernatant u n til use.
6.3.3 The Determ ination of Hepatic Mixed-Function Oxidase A ctiv ities
7-E thoxycoum arin-O -deethylase (U llr ic h  and Weber, 1972), 7-
e thoxyresoru fin -O -deethy lase, 7 -pen toxyresoru fin -O -dea lky lase  (Burke et a l., 1985), 
an iline-p-hydroxylase  (Guarino e t a l., 1969) and N A D P H -cytochrom e c reductase 
(Gibson and Schenkman, 1978) were determ ined in m icrosom al suspensions by the 
methods ind ica ted  (Chapters 2, 3 and 5).
The dete rm ina tion  o f d im e thy ln itrosam ine  dem ethylase a c t iv ity  was based 
on the method by H o ltzm an e t a l., (1969). The incubation  m ix tu re  was essentia lly  
th a t described fo r  the m etabolism  of benzphetam ine (C hapter 3) and e ry th rom yc in  
(C hapter 5). In a fin a l volume o f 1.0m l the fin a l concentra tions o f the fo llo w in g  
were present: M g C ^  (15mM), d im e thy ln itrosam ine  (6mM), N A D P + (O.OlmM), glucose
6-phosphate (Im M ), glucose 6-phosphate dehydrogenase (1 U nit), microsomal protein 
(0.3-0.8m g), all in 50mM potassium phosphate buffer (pH 7.25). The formaldehyde
generated was determined by the method of Nash (1953).
6.3.4 Determ ination of Total Microsomal Cytochromes P -450 , b,. g n j Protein
Total microsomal cytochromes P-450, b5 (Omura and Sato, 1964) and 
protein (Lowry et al., 1951) were determined in the microsomal suspensions by the 
methods indicated in Chapters 2 and 3.
6.3.5 Electrophoretic and Immunological Procedures
Microsomes from  control and IQ -pretreated rats were solubilised w ith  
cholate and Emulgen 911 (Chapter 5) and subjected to SDS-polyacrylamide gel 
electrophoretic analysis, ELISA and Western Blotting analysis (Chapter 2). The 
actual conditions employed are described in the legends to the appropriate figures 
and tables.
6.4 RESULTS
6.4.1 The E ffects o f IQ -Pretreatm ent on Rat L iver Parameters
The intraperitoneal administration of 2-am ino-3-m ethylim idazo-(4,5-f)- 
quinoline (IQ) to male Wistar albino rats did not significantly a lter the liver (results 
not shown) or liver to body weight ratios at either dose level (Table 6.1). Sim ilarly, 
no changes were observed in microsomal total protein content or NADPH-dependent 
cytochrome c reductase activ ity . However, a statistically significant decrease in 
microsomal cytochrome b<- content was observed at both dose levels. A t 5mg/kg, a 
39% decrease in the specific content of total cytochromes P-450 was also evident 
(Table 6.1). There were no spectral shifts observed in the absorption maxima of the 
dithionite-reduced (ferrous) cytochrome P-450-carbon monoxide complex upon 
pretreatm ent with IQ (data not shown).
6.4.2 The Induction of H epatic Microsomal Cytochrome P-450-Dependent
Mixed-Function Oxidase A ctiv ities
The treatm ent of male Wistar albino rats with IQ gave rise to alterations  
in the levels of the various cytochrome P-450 catalysed activities determined (Table  
6.2). The metabolism of ethoxyresorufin was induced at both 5mg/kg and 20mg/kg, 
demonstrating statistically significant 2- and 5-fold increases respectively. A 
sim ilar, but less significant inductive e ffec t was observed with 7-ethoxycoumarin. 
On the other hand, no increase in pentoxyresorufin or dimethylnitrosamine 
metabolism was evident upon pretreatm ent with IQ. However, at 20mg/kg IQ , a 
statistically significant (maximally 2-fold) induction in the p-hydroxylation of 
aniline was observed.
The second part of the study involved the pretreatm ent of both male 
C57BL strain (responsive) and DBA strain (non-responsive) mice. The effects of IQ 
administration is shown in Table 6.3. Significant decreases in both to tal microsomal
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cytochrom e P-450 sp ec ific  content and m icrosom al p ro te in  were observed w ith  the 
C57BL s tra in  only. No s ta t is t ic a lly  s ig n ifican t changes in e thoxyresoru fin -O - 
deethylase a c t iv ity  was evident w ith in  a s tra in , although a m axim al 2 -fo ld  induction  
o f pen toxyreso ru fin  m etabolism  was observed in the DBA/2 m ice.
6.4.3 Immunological and Electrophoretic Study of IQ-Induced Hepatic 
Microsomes
Microsomes from  IQ -p re trea ted  ra ts  were analysed im m uno log ica lly  by 
in d ire c t, non -com pe titive  ELISA (Table 6.4). As expected, m icrosomes from  
phenobarb ita l and 3 -m e thy lcho lan th rene-p re trea ted  animals strong ly  im m unoreacted 
w ith  ra b b it an ti-cy toch rom e  P-450^ and sheep a n ti-cy toch rom e  P-450c polyc lona l 
antisera respec tive ly . Less pronounced im m u n o re a c tiv ity  was displayed by 
m icrosom al prepara tions from  IQ -p re trea ted  animals, the ra b b it antiserum  was 
shown to  weakly cross-react w ith  these preparations. However, a s ta t is t ic a lly  
s ig n ifica n t m axim al 2 .5 -fo ld  induction  in im m un o re ac tiv ity  was observed upon 
incubation  o f the sheep a n ti-cy toch rom e  P-450c antiserum  w ith  m icrosomes from  
animals p re trea ted  w ith  IQ (20m g/kg).
The various m icrosom al preparations were also subjected to  SDS- 
po lyacry lam ide  gel e lectrophoresis. In a ll cases the gels were underloaded in order 
to  obta in  good reso lu tion  o f the p ro te in  bands present in the cytochrom e P-450 
m o lecu lar w e ight (Mr ) range (50-56Kd). As expected, 3 -m ethy lcho lanth rene  
p re tre a tm e n t brought about the induction  o f tw o  prote ins at 54.0Kd and 56.0Kd, 
corresponding to cytochrom es P-450^ and P-450c respec tive ly . W hile the 
m icrosomes from  phenobarb ita l-p re trea ted  animals were characterised by the m ajor 
bands a t 53.0Kd and 54.0Kd (cytochrom es P-450^ and P-450g respec tive ly ). Upon 
tre a tm e n t w ith  IQ, the re  was no in te n s ifica tio n  o f p ro te in  bands w ith in  the 
m o lecu la r w e ight range o f in te res t (F igure 6 .1). In th is  instance, IQ was
shown to  be a much weaker inducer o f the hepatic m icrosom al cytochrom es P - 
450 than 3 -m ethy lcho lan th rene  and phenobarb ita l.
The resu lts from  ELISA experim ents were ve rif ie d  by Western 
b lo ttin g  analysis em ploying sheep a n ti-cy toch rom e  P-450c . A t  the p ro te in  
loadings employed (2 .5pg p ro te in ), tw o  bands were detected in IQ -induced 
microsomes, a lthough not as intense as those present a fte r  3- 
m ethy lcho lanth rene, A ro c lo r 1254 or isosafro le  p re trea tm e n t (F igure 6.2).
Figure 6.1
E lectrophore toqram  o f H epatic  M icrosomes from  C o n tro l, IQ, 
3 -M ethy lcho lan th rene- and P henoba rb ita l-P re trea ted  Anim als
Solubilised hepatic  m icrosom al pro te ins (5pg) were resolved by e lectrophores is  on a 
10% (w /v ) acry lam ide  gel. Tracks were loaded as fo llow s: m icrosom es fro m  (1) 3- 
m e thy lcho lan th rene - (25m g/kg), (6 ) phenobarb ita l- (80m g/kg) and IQ -p re trea ted  
anim als a t (2) 5m g/kg (3) 20m g/kg and (4) 40m g/kg.
M o lecu la r w e igh t m arkers (0.7pg p ro te in  each) were loaded (5) and reso lved at the 
m onom eric m o lecu lar weights ind ica ted . The p rinc ipa l 3 -m e thy lcho lan th rene- and 
phenobarb ita l-induc ib le  cytochrom es P-450 are also ind ica ted .
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Table 6.4
The Im m unolog ica l D e tec tion  o f C ytochrom e P-450 P ro te ins in R at H epatic
M icrosomes A fte r  P re trea tm e n t w ith  2 -A m in o -3 -M e th y lim id azo -(4 ,5 -f)
Quinoline (IQ)
Absorbance (490nm) per pmol P -4 5 0 ^
M ic ro s o m a l^
P repara tion
A n t i-C y to c h ro m e ^
P-450,b
A n t i-C y to c h ro m e ^
P-450 c
C o n tro l (Corn O il) 1.02 t  0.09 0.65 - 0.01
IQ (25pm ol/kg) 1.02 - 0.24 (1.0) 1.0 - 0.43 (1.6)
(1 0 0 }jm o l/kg ) 1.19 - 0.21 (1.2) 1.54 - 0 .2 1 * *  (2.5)
3-M ethy lcho lanth rene
(1 0 pm o l/kg) < 0.007 5.32 - 0 .9 2 * * *  (8 .6 )
Phenobarb ita l
(300pm ol/kg) 5.04 - 0 .4 0 * * *  (5.0) <0.24
The resu lts are expressed as means - 5EM fo r three animals and are means o f 
duplicates from  tw o separate plates. The values in parentheses are fo ld  
inductions in absorbance over tha t observed fo r con tro l g ro u p s .* * *P  < 0.001, 
* * P  < 0.01.
(a) Absorbances have been co rrec ted  fo r non-specific  binding w ith  the 
respective  pre-im m une sera.
(b) Solubilised microsomes from  3 -m e thy lcho lan th rene- and 
phenobarb ita l-p re trea ted  animals loaded at 0.06pm ol P -450 /w e ll 
con tro l and IQ -p re trea ted  microsomes loaded at 0.13pmol P- 
450 /w e ll.
(c) R abbit an ti-cy toch rom e  P-450^ and ra b b it pre-im m une serum 
(d ilu ted  1:4,000) and peroxidase-labelled donkey a n ti- ra b b it IgG 
(d ilu ted  1:13,000) were employed.
(d) Sheep an ti-cy toch rom e P-450c (P-448) and sheep pre-im m une 
serum (d ilu ted  1:32,000) and peroxidase-labelled donkey anti-sheep 
IgG (d ilu ted  1:15,000) were employed.
F igure  6.2
Western B lo tt ing  Analysis o f Hepatic  Microsomal 
Preparations From IQ -Pre trea ted  Animals
Rat hepatic m icrosomal prote ins (solubilised) were resolved by SDS-polyacrylam ide 
gel e lectrophoresis on 10% (w/v) acry lam ide gels. The im m unoblot was carr ied  out 
w ith  sheep an t i-cy toch rom e P-430c (d ilu ted 1:12,000), donkey anti-sheep IgG 
(d ilu ted 1:100) and sheep peroxidase anti-peroxidase complex (d ilu ted  1:1000). 
Solubilised microsomes (2.5pg prote in) were derived from  (1) isosafrole (3 
consecutive i.p. daily doses at 150mg/kg), (3) 3 -m ethy lcho lanthrene (25mg/kg), (4) IQ 
(20mg/kg), (3) A roc lo r  (single i.p. dose at 500mg/kg) and (6) phenobarb ita l (80mg/kg) 
p re trea ted  animals.
Lane 2: pur if ied  cytochrom e P-450^ (0.20jjg).
6.5 DISCUSSION
Many chem icals s tim u la te  the m icrosom al d rug-m etabolis ing  systems 
invo lved in th e ir own m etabo lic  a c tiva tio n , thus leading to an increased generation 
o f to x ic  species. For exam ple, the po lycyc lic  a rom a tic  hydrocarbon, benzo(a)pyrene 
enhances its  own b io ac tiva tio n  (Philiipson e t a l., 1985) by se le c tive ly  inducing an 
isoenzyme of cytochrom e P-450, nam ely, the m ajor p o lycyc lic  hydrocarbon- 
inducib le  cytochrom e P-450^ (Levin  e t al., 1977). S im ila r ly , the a rom a tic  am ide, 2- 
ace ty lam ino fluo rene, s tim u la tes  its  N -hyd roxy la tion  (Razzouk e t a l., 1982) by 
inducing the synthesis o f cytochrom e P-448 (P-450^) which is a c tive  in its  
m etabolism  (Astrom  and D eP ierre , 1985). S im ila r observations have, been made w ith  
compounds such as 3 ,3-d ich lorobenzid ine  (Iba and Sikka, 1983), 4 -am inobiphenyl and 
2-am inoanthracene (Steel and Ioannides, 1986) and the p ro te in  pyro lysate  product 
T rp -P -1  (Degawa e t a l., 1985).
In the present study we have investiga ted  i f  the now w e ll established 
m utagenic and carcinogenic arylam ine, 2 -a m in o -3 -m e th y lim id azo -(4 ,5 -f)-q u ino line  
(IQ), essentia lly  a 1 ,2 ,4 ,5-substitu ted  benzim idazole, is an inducer o f the hepatic  
m icrosom al cytochrom e-dependent m ixed -func tion  oxidase system . M icrosom al 
p reparations from  IQ -p re trea ted  animals have been analysed using the m arker 
substrates e thoxyresoru fin , e thoxycoum arin, aniline and N ,N -d im e th y ln itro sam ine  in 
con junction  w ith  e lectrophoresis, q u a lita tive  ELISA and Western b lo tt in g . In ra ts  
trea ted  w ith  IQ, the lack o f induction  o f pen toxyresoru fin -O -dea lky lase  a c tiv ity ,  
coupled w ith  a s ta t is t ic a lly  s ig n ifica n t (m axim al 5 -fo ld ) induc tion  in 
e thoxyresorufin -O -deethylase  a c tiv ity  and a 2 - fo ld  e leva tion  in e thoxycoum arin  
m etabolism  is ind ica tive  o f the induction  o f cytochrom es P-448, in p a rtic u la r, 
cytochrom e P-450c (Guengerich e t a l., 1982, Lubet e t a l., 1985; Burke e t a l., 1985). 
However, the observation tha t IQ p re trea tm e n t brought about s ig n ifica n t increases
in aniline p-hydroxylase a c t iv ity ,  w ith o u t a concom itan t rise in d im e thy ln itrosam ine  
m etabolism  is ind ica tive  o f cy tochrom e P-450^ induction . The fo rm e r has been 
found to  re f le c t the ra t e thano l-induc ib le  cytochrom e P-45CL and isosa fro le - 
inducib le  cytochrom e P-450^ (Conney, 1986; Guengerich et a l., 1982; Ryan et a l.,
1985). On the o ther hand, d im e thy ln itrosam ine  m etabolism  re fle c ts  p r im a rily  
cytochrom e P-450. a c t iv ity  (Thomas et a l., 1987). In add ition , m icrosom es fro m  IQ - 
p re trea ted  animals (lO O pm ol/kg) have been shown to  read ily  bring about the 
a c tiva tio n  o f the p ro te in  pyro lysate , 2 -am ino -6 -m e thy ld ipy rido  [ l,2 - a :3 ',2 '- d j-  
im idazo le , in the Am es/Salm onella  tes t, when compared to  un trea ted  animals 
(A .A y rto n , personal com m unication). The a c tiva tio n  o f this m utagenic a ry lam ine  is 
in it ia te d  by cytochrom e P-450(_j-dependent N -hyd roxy la tion  (Yamazoe e t a l., 1983, 
1984; Nohmi et a l., 1987; K a to , 1986). In add ition , p re tre a tm e n t o f ra ts  w ith  IQ did 
not bring about a s ig n ifica n t increase in e ithe r m icrosom al N A D P H -cytochrom e c 
reductase a c t iv ity  or liv e r  to body w e ight ra tios , changes usually a ttr ib u te d  to 
phenobarb ita l-type  inducers (Ioannides and Parke, 1975).
F in a lly , in term s of overa ll m o lecu lar geom etry (Table 6.5), IQ and its
analogues, MelQ and M elQ^ are s im ila r to  o ther w e ll docum ented m utagenic
arylam ines such as T rp -P -1 , G lu-P -1, 2 -ace ty lam ino fluo rene  and 2 -a m in o -3 -m e th y l-
a -ca rbo line  (Lew is e t a l., 1986). This also extends to  th e ir  c h a ra c te r is tic  m o lecu la r
o rb ita l energies (D .F .V .Lew is, personal com m unication). These types o f compounds
have been shown to  be inducers and/or substrates o f the cytochrom es P-448. P lanar
2 2m olecules, w ith  re la tiv e ly  large area/depth ra tio s  (A /D  > 2.0) are known 
cytochrom e P-450c inducers, since th e ir m o lecu lar geom etries f u l f i l l  the s tru c tu ra l 
requirem ents fo r  binding to  the Ah recep to r (Lew is et a l., 1986).
C o lle c tiv e ly , a ll o f these data provide evidence th a t IQ is a cytochrom e(s) 
P-448 inducer. That IQ was not as po ten t as 3 -m ethy lcho lanth rene  at inducing
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.
cytochrom e P-448 was ve rif ie d  by ELISA and e lectrophoresis. A dd itio n a l analysis o f 
m icrosomes by Western b lo ttin g  w ith  sheep a n ti-cy toch rom e  P-450^ revealed the 
presence o f two bands of s im ila r in te n s ity . These were of s im ila r m onom eric 
m o lecu lar w e ight to those present a fte r p re tre a tm e n t w ith  3 -m ethy lcho lanth rene, 
isosafrole and A ro c lo r 1234, although levels a fte r  IQ were not as high as those 
present a fte r  p re tre a tm e n t w ith  the 'c lass ica l' cytochrom es P-448 inducers (Thomas 
e t a l., 1983). S im ila r resu lts have been reported  re ce n tly  fo r  the tryp tophan 
pyro lysate  products T rp -P -1  and T rp-P -2  (Degawa et a l., 1987). However, Western 
b lots ca rried  out w ith  an ti-cy toch rom e  P-450c , at h igher loadings o f m icrosom al 
p ro te in  ( »  2 .5yg), revealed tha t the low er m olecu lar w e ight p ro te in  (P-430^) 
predom inated (A A yrton , personal com m unication).
6.5.1 Mechanism of Cytochrome P-45Q Induction by IQ
In order to investiga te  i f  the induction  o f cytochrom e P-448 was 
associated w ith  binding to  the Ah recep to r, the study was extended to  include both 
C57BL/6 (responsive) and D BA /2  (non-responsive) m ice (W hitlock, 1987; Fenne ll et 
a l., 1980; Ohyama et al., 1984). The la t te r  have been shown to  be d e fic ie n t in a 
hepatic high a f f in ity  (Ah) recep to r, which has been linked to  the induction  o f ra t 
cytochrom e P-450c (N ebert and Gonzalez, 1985) and mouse P-^-450 (Ohyama e t a l., 
1984; W hitlock, 1987; N ebert and Gonzalez, 1985).
P re trea tm e n t w ith  IQ (100ym ol/kg) did not bring about the induction  o f 
the Ah receptor-associa ted m etabolism  o f e thoxyresoru fin  in e ithe r mouse s tra in . 
This is in d ire c t con tras t to the s itua tion  observed w ith  3 -m ethy lcho lanth rene  
(lO ym o l/kg ) (Lum  e t a l., 1986; Fennell e t a l., 1980). The lack o f induction  o f 
e thoxyresoru fin  m etabolism  in C57BL/6 m ice has also been displayed by compounds 
such as 2 -ace ty lam ino fluo rene  (Astrom  and D eP ierre , 1986) and isosafro le  (Fennell 
e t a l., 1980) and may re f le c t re la tiv e ly  low  a f f in ity  fo r the recep to r.
Therefo re  the induction  o f cytochrom es P-448 by IQ may invo lve  an 
a lte rn a tive  m echanism. However, in th is  instance, a more com plete  study would 
involve the im m unolog ica l de tec tion  o f cytochrom es P-448 in mouse hepatic 
m icrosomes em ploying sheep antisera to  ra t cytochrom e P-450c , in add ition  to 
ca rry ing  out Am es/Salm onella  G lu-P -1  assays w ith  m icrosomes fro m  both C57BL/6 
and D BA/2 mouse stra ins.
In the ra t, fo llo w in g  p re trea tm e n t w ith  IQ, no s ig n ifica n t induction  of 
to ta l (spec tra lly  de tectab le) cytochrom e P-450 was observed, although 
im m unochem ica lly  de tectab le  increases in cytochrom es P-448 were ev ident. This 
ind icates th a t the e levation  o f these isoenzymes may occur at the expense o f others. 
The induction  o f cytochrom e P-450^ by inducing agents such as 
m ethylenedioxyphenyl compounds is believed to be linked p r im a rily  w ith  a 
m e tabo lite  (carbene) com plex (Ioannides et a l., 1981; Fennell e t a l., 1980; Yeow ell 
e t a l., 1985) and the actua l cytochrom e is regarded as the locus o f induction . In v ivo 
carbene com plex fo rm a tio n  is believed to increase the h a lf- l ife  o f the haem oprote in 
(Y eow e ll e t a l., 1985), despite the fa c t th a t in v itro  a number o f d if fe re n t 
cytochrom e P-450 isoenzymes fo rm  carbene complexes (Voorman and A ust, 1987; 
D e la forge  e t a l., 1985). In fa c t,  i t  has been shown th a t the more stable the carbene 
com plex, the more pronounced the induction  (M urray e t a l., 1985a). In ce rta in  cases 
the inducer, eg, isosafro le , is s t i l l  present, a ttached to  the cytochrom e even a fte r  
p u r if ic a tio n  o f the haem oprotein (Ryan et a l., 1982), but to date, no im idazo le  or 
benzim idazole  m e tabo lite  com plex has been detected in vivo or in v it ro . I t  may be 
tha t only high a ff in ity  revers ib le  cytochrom e P-450 haem binding is needed to 
tr ig g e r induction . The fa c t th a t m e tabo lite  complex fo rm a tion  is not an absolute 
p re -requesite  fo r cytochrom e P-450^ induction  has been shown w ith  polyhalogenated 
biphenyls such as 3,4,5,3 ',4 ',5 '-hexabrom obiphenyl (HBB). This compound is an 
inducer o f both cytochrom e P-450c and P-450^, binding t ig h t ly  to  the la t te r  and
possibly a lte r ing  its  h a lf- l ife  (Voorman and Aust, 1987). I f  IQ induces cy toch rom e  P- 
450^ by such a mechanism then the ex ten t o f induction  would be dependent on (i) the 
a f f in ity  o f IQ fo r th is haem oprote in , and ( ii)  the in h ib ito ry  s e le c tiv ity  o f IQ fo r 
cy tochrom e P-450^ in m icrosom es, and ( i i i) ,  the concen tra tion  o f IQ present in 
m icrosom es, the 'locus o f induction ', during the induction  phenomenon.
IQ may be regarded as a 1 ,2 ,4 ,5 -substitu ted  benzim idazo le , but its  a b ility  
to  in h ib it the m ixe d -fu nc tio n  oxidases has not been extens ive ly  stud ied. H owever, 
variously substitu ted  benzim idazoles have been shown to  be re la t iv e ly  p o ten t 
inh ib ito rs  o f m icrosom al cytochrom es P-450-dependent m ixe d -fu nc tio n  oxidase 
a c tiv it ie s  (L it t le  and Ryan, 1982; M urray and Ryan, 1983a and b). I t  has been 
postu la ted  (L it t le  and Ryan, 1982; M urray and Ryan, 1983a and b) th a t the 
in tro d u c tio n  o f add itiona l fused benzene rings onto the benzim idazo le  m o ie ty  
increases the in h ib ito ry  a c t iv ity  tow ards the m icrosom al 3 -m e th y lch o la n th re n e - 
induced m ixe d -fu nc tio n  oxidase a c tiv it ie s  and hence th e ir  a b ility  to  induce the 
cytochrom es P-448. This c h a ra c te ris tic  is also shared by a num ber o f non-im idazo le  
h e te ro cyc lic  compounds such as 9 -h yd ro xye llip tic in e  and qu inacrine  (Thabrew  and 
Ioannides, 1984; Ioannides e t al., 1984; P h illipson  e t a l., 1982, 1984, 1985).
There is considerable evidence fo r  the s e le c tiv ity  o f IQ fo r  cy toch rom e P - 
450^ in term s o f m etabolism . L ik e  a num ber o f ary lam ines, IQ has been shown to  
induce its  own m etabolism  in the  A m es/Salm onella  assay (A .A y rto n , personal 
com m unication). The a c tiva tio n  o f IQ has been p r im a rily  linked  to cy toch rom e P- 
450^-dependent N -hyd roxy la tion  (K a to , 1986; Yam azoe e t a l., 1983, 1984), as has 
been shown fo r 2 -ace ty lam ino fluo rene  (A strom  and D eP ierre , 1985, 1986). As ye t, 
the N -hydroxya tion  reaction  has no t been shown to give rise to  a cy toch rom e P-450 
com plex fo rm a tion , analogous to isosafro le  carbene com plex fo rm a tio n . In the case 
o f IQ jin te ra c tio n  w ith  cytochrom e P-450 may invo lve  lig a tio n  to  the  haem o f the
haem oprote in , since compounds such as naphtho [2 ,3 :4 ',5Q  im idazo le  have been 
shown to  e lic it  type II spectra l pe rtu rba tions (L it t le  and Ryan, 1982). C e rta in ly , 
benzim idazole  de riva tives, such as 2 -(2 -m e th oxy -4 -m e th y lsu lfin y l) p h e n y l- lH - 
im idazo-4 ,5b-pyrd ine  have been shown to bring about im m uno log ica lly  de tec tab le  3- 
to 4 -fo ld  increases in both cytochrom e P-450c and P-450^ levels, a lthough 
s ig n ifica n t binding was only observed w ith  cytocrhom e P-450^ (R udo lf e t a l., 1984), 
wh ile  the benzim idazole, albendazole, is also a cytochrom e P-448 inducer (A m ri e t 
a l., 1988).
The net induction  o f cytochrom e P-450^ w ill probably depend on a balance 
between the type II in te ra c tio n  o f IQ w ith  the haem oprote in and the ra te  o f its  
m etabo lic  clearance.
When adm inistered sys tem ica lly , IQ has been shown to  be read ily  
m etabolised. In the lig h t o f the previously discussed considerations, th is  may p a rtly  
explain why IQ is a re la tiv e ly  weak inducer o f cytochrom e P-448. When 
adm inistered o ra lly  to ra ts  (2 0 ym o l/kg ) i t  has been shown to be rap id ly  excre ted  in 
urine and faeces, as much as 90% o f the dose being excre ted w ith in  24h (Sjodin and 
Jagerstad, 1984). The m ajor m e tabo lite  so fa r id e n tifie d  is the N -sulphate conjugate 
o f IQ (Turesky e t a l., 1986), a lthough N -a ce ty la tio n  is also believed to  occur 
(S torm er et a l., 1987). Most o f the IQ excre ted  (99%) is not m utagenic in the 
Am es/Salm onella  assay (Barnes and W eisburger, 1985; Sjodin and Jagerstad, 1984).
In conclusion, the food mutagen, 2 -a m in o -3 -m e th y lim id azo -(4 ,5 -f)- 
qu inoline (IQ), when adm inistered to ra ts a t doses as high as lO O pm ol/kg, is a 
modest, but se lective  inducer o f hepatic m icrosom al cytochrom es P-448. This 
induction  appears not to  be Ah locus-associated, since no increases in 
e thoxyresoru fin  m etabolism  was eviden t a fte r  adm in is tra tion  to  both C57B2/6
(responsive) and D B A /2  (non-responsive) m ice. A lthough the rap id  m etabolism  o f IQ 
may account fo r  its  re la tiv e ly  weak induction  ca pa b ility , the above dose was 
s u ff ic ie n t to bring about a marked induction  in its  own m etabolism . These find ings 
may be o f g reat tox ico log ica l s ign ificance .
CHAPTER 7 
FINAL DISCUSSION
FIN A L DISCUSSION
For some tim e  variously substitu ted  im idazoles have been known to bind 
w ith  high a f f in ity  to cytochrom es P-450, leading to  the m arked in h ib itio n  o f the 
cytochrom e P-450-dependent m ixed -fu nc tio n  oxidase a c tiv it ie s  (L iebm an and O rtiz , 
1973; Bast e t a l., 1984; Hajek e t a l., 1982; Lavrijsen  £ t  a l., 1987; Sheets e t a l., 
1986). This in h ib itio n  may be fo llow ed  by induction  o f cytochrom es P-450 
(N iem egeers e t a l., 1981; R iv ie re , 1983; M urray e t a l., 1985; Lavrijsen  e t'a L , 1986; 
R it te r  and F rank lin , 1987a and b). This has im p o rta n t c lin ica l consequences, since 
these in te rac tions  may prove bene fic ia l and the rapeu tic  (M urray, 1987) or 
d e trim e n ta l (W hiting et al., 1985; Van Tyle , 1984).
7.1 THE INHIBITION OF CYTOCHROME P-45Q-DEPENDENT ACTIVITIES
There is a considerable lack o f data concerning the cytochrom e P-450 
isoenzyme s e le c tiv ity  o f N ^-substitu ted  im idazoles such as c lo trim a zo le , m iconazole  
and ketoconazole . To th is end, in h ib itio n  studies have been ca rried  out w ith  both 
phenobarb ita l- and 3-m ethylcho lanth rene-induced m ixed -func tion  oxidase (MFO) 
a c tiv it ie s  in ra t hepatic m icrosom al preparations. Because o f the disadvantages o f 
w orking w ith  m icrosom al preparations (Chapters 3 and 4), the in h ib itio n  study was 
extended to  include experim ents w ith  re co ns titu ted  systems com prising p u rifie d  
N A D P H -cytochrom e P-450 reductase and the m ajor phenobarb ita l- and 3- 
m ethy lcho lanthrene-induced cytochrom es P-450; ie , cytochrom e P-450^ and P-450c , 
respec tive ly . F in a lly , the m olecular geom etry o f these drugs was studied by 
com puter graphic techniques, in order to re la te  th e ir  shape to th e ir  observed in  v itro  
cytochrom e P-450 isoenzyme s e le c tiv ity .
A ll three an tifunga l agents, by v irtu e  o f h ig h -a ff in ity  revers ib le  binding to  
the haem o f cytochrom e P-450, were po ten t in v it ro  inh ib ito rs  o f both the
phenobarb ita l-induced cytochrom es P-450-dependent MFO a c tiv it ie s  and the 3- 
m ethy lcho lanth rene-induced cytochrom es P-448-dependent MFO a c tiv it ie s . W ith 
c lo tr im a zo le , the potent ex v ivo in h ib itio n  o f these a c tiv it ie s  was also observed. In 
both m icrosom al and re co ns titu ted  systems, the phenobarb ita l-induced cytochrom es 
P-450 were more susceptib le to  the |n  v it ro  in h ib ito ry  e ffe c ts  o f these drugs, 
in d ica ting  s e le c tiv ity  fo r these haem oproteins. This s e le c tiv ity  may be a ttr ib u ta b le  
to add itiona l in te rac tions w ith  the hydrophobic pocket or substrate (type I)-b ind ing 
s ite  o f cytochrom e P-450, in d ica ting  tha t co m pe tition  w ith  the substrate fo r th is 
s ite  occurs during the in h ib itio n  o f MFO a c tiv ity .  I t  is now believed tha t the haem 
environm ent o f the various cytochrom es P-450 is h igh ly conserved (Dus, 1982), 
compared w ith  the s tru c tu ra l va ria tions at the substrate binding s ite  (Phillipson et 
a l., 1982; Lew is e t a l., 1986). In term s o f cytochrom e P-450 binding, these two sites 
are not m u tua lly  exclusive and are considered to  lie  in close p ro x im ity  to  one 
another on the haem oprotein (Lew is e t a l., 1986). Binding to th is  apoprote in s ite  is 
especia lly evident in the case o f c lo tr im a zo le  and m iconazole, more so than w ith  
ketoconazole. Indeed, ketoconazole was always the weakest in h ib ito r o f cytochrom e 
P-450 and exh ib ited  the least s e le c tiv ity  fo r  the phenobarb ita l-inducib le  isoenzymes.
C om puter graphic-a ided consideration o f the m o lecu lar s tru c tu re  o f these 
drugs lends support to the experim enta l findings. M iconazole and c lo trim a zo le , 
more so than ketoconazole , are characterised by an overa ll g lobu lar m o lecu lar 
geom etry, large depth and sm all area/depth ra tio s . This is in con tras t to p lanar, 
r ig id  cytochrom es P -448-se lective  m olecules, which are characterised by a sm all 
depth and large area/depth  ra tios  (Lew is et a l., 1986). This illu s tra te s  how com puter 
g raph ic -re la ted  techniques may serve as po ten t tools in the p re d ic tio n  of 
cytochrom e P-450 isoenzym e-se lective  in te rac tions .
The in h ib itio n  o f cytochrom e P-450 a c tiv ity  by these a n tim y c o tic  agents 
is c lin ic a lly  re levan t, since th is  can lead to  the im pa irm en t o f the ox ida tive  (phase I)
m etabolism  o f co -adm in is te red  drugs during chem otherapy. W ell documented 
examples have included the in h ib itio n  o f cyclosporin  and m ethylprednisolone 
m etabo lism  by the system ic a n tim yco tic  ketoconazole (Oates and Wood, 1987).
7.2 THE INDUCTION OF CYTOCHROME P-450
A number o f compounds have been shown to induce those form s o f hepatic 
m icrosom al cytochrom e P-450 tow ards which they e xh ib it the g reatest in h ib ito ry  
s e le c tiv ity . W ell documented examples have included ethoxyquin (Kahl and N e tte r, 
1977), SKF-525A (Bornheim  et al., 1983), N -phenylim idazo le  (M urray et a l., 1985) 
and the e llip tic in e s  (C res te il e t a l., 1982). The response to the inducer is usually 
b iphasic, a phase o f in h ib itio n  o f MFO a c tiv ity  fo llow ed  by a phase of induction , as 
the inducer is cleared from  the body (Parke, 1979; Conney, 1967). There fo re , the 
N ^-subs titu ted  im idazoles, m iconazole, ketoconazole and c lo tr im a zo le , have been 
adm inistered to  ra ts , in order to  see i f  (i) these drugs are also cytochrom e P-450 
inducers, and (ii)  i f  the isoenzymes induced are those which are h ighly susceptib le to 
in v it ro  in h ib itio n . These studies have been extended to include the m utagenic and 
carcinogenic 1 ,2 ,4 ,5 -substitu ted  benzim idazole, 2 -am in o -3 -m e th y lim id azo -(4 ,5 -f)- 
quinoline (IQ) (Kato , 1986) which, in con trast to the an tifunga l agents, is a planar 
m olecule.
H epatic  m icrosom al preparations from  c lo tr im a zo le -, m iconazo le - and 
ke toconazo le -p re trea ted  ra ts have been characterised on the basis o f th e ir  
e le c trop h o re tic , c a ta ly t ic , spectra l and im m unolog ica l p roperties. A ll th ree  drugs 
were p r im a rily  inducing agents o f the phenobarb ita l-and /or pregnenolone 16a- 
c a rb o n itr ile - typ e  cytochrom e P-450 pro te ins. These findings are in agreem ent w ith  
previous studies, where m iconazole and c lo trim a zo le  have been characte rised  as 
phenobarb ita l-type  inducers by a number o f workers (James, 1984; Kahl e t a l., 1980; 
Lavrijsen  e t a l., 1986), a lb e it only on the basis o f the induction  o f a lim ite d  num ber
o f cytochrom e P-450-dependent MFO a c tiv it ie s . The lack o f cytoch rom e P-448 
induction  herein is in agreem ent w ith  the hypothesis th a t these g lobu lar m olecules 
do not bind to  the proposed planar ac tive  s ite  o f the ce llu la r Ah recep to r, which is 
believed to be s tru c tu ra lly  re la ted  to the substra te-b ind ing  s ite  o f the m icrosom al 
cytochrom e P-448 (Lew is et al., 1986).
In th is study, ketoconazole was shown to  be the weakest inducer, 
suggesting a possible re la tionsh ip  between the in v ivo induction  and _in v itro  
in h ib itio n  o f the hepatic  m icrosom al cytochrom es P-450. C lo tr im a zo le  and 
m iconazole are more po ten t inducers o f cytochrom e P-450 than ketoconazole , both 
in man (H o lt, 1974; M edoff and Kobayashi, 1980; Te ttenborn , 1974; Heinem eyer and 
Jaeck, 1983; Lew is e t al., 1984) and in ra ts  (N iem egeers e t a l., 1981; Lavrijsen  et 
al., 1986), although in man the exact isoenzymes involved rem ain to  be determ ined.
C lo tr im a zo le , m iconazole and ketoconazole also induced ra t hepatic
m icrosom al cytochrom e P-450 (P E ^ ) ,  a haem oprote in associated w ith  induction  by
steroids (eg, dexamethasone and p regneno lone-16a-carbon itrile ) and m acro lide
a n tib io tics  (Elshourbagy and G uzelian, 1980; Schuetz and Guzelian, 1984; Schuetz e t
a l., 1984; Heuman e t a l., 1982; W righton e t a l., 1985). C lo trim azo le  is the m ost
potent inducer o f the th ree  drugs studied, a lthough ketoconazole is the most
se lective  inducer o f th is  haem oprotein. In concert w ith  these find ings, is the
observation tha t ketoconazole, in add ition  to  m iconazole, m arg ina lly  induces the m
14vivo  m etabolism  o f am inopyrine in ra ts , as measured by the CO2 breath tes t 
(Heinem eyer and Jaeck, 1983). This is known to  p r im a rily  re f le c t the phenobarb ita l- 
and p regneno lone-16a-carbon itrile  inducib le  cytochrom es P-450 (Shaw e t a l., 1986). 
In add ition , c lo tr im a zo le  and ketoconazole have been shown to  act as g lu coco rtico id  
antagonists, in a s im ila r manner to  p regneno lone-16a-carbon itrile  and
phenobarb ita l-type  m olecules (Schuetz and Guzelian, 1984; Goldman e t a l., 1978), by 
com peting w ith  Idexam ethasone  fo r a cy toso lic  binding locus in w ho le -ce ll 
binding assays (Loose et a l., 1983a).
The induction  o f cytochrom e P-450 by these an tifunga l agents is o f 
c lin ic a l s ign ificance , since these drugs may a lte r the ox ida tive  m etabo lism  o f o ther 
co-adm in is te red  drugs and may also induce th e ir  own ox ida tive  m etabo lism . 
C lo trim azo le  and m iconazole have been shown to  induce th e ir  own ox ida tive  
degradation in man (Van Tyle , 1984; Lew is et al., 1984; H o lt, 1974; M edo ff and 
Kobayashi, 1980), although induction  o f the m etabolism  o f ketoconazole  has only 
been shown a fte r the adm in is tra tion  o f r ifa m p ic in  (Van Tyle , 1984). This compound 
is a known inducer o f the human orthologous p ro te in  o f ra t cy tochrom e P-450p, ie, 
cytochrom e P-450 H L^ (G uzelian a t a l., 1987).
The above findings are in d ire c t con trast to those observed w ith  the 
1 ,2 ,4 ,5-substitu ted benzim idazole, 2 -am ino -3 -m e thy lim idazo -(4 ,5 -f)-qu ino line  (IQ). 
This p ro te in  pyro lysate  product, an established carcinogen, has been shown to  be
p rim a rily  an inducer o f cytochrom e P-448 (P-450^). On the basis o f a com puter
graph ic-a ided s tru c tu re  study, IQ has been found to  be characterised by an ove ra ll 
p lanar m o lecu lar geom etry, w ith  sm all depth and a large area/depth  ra t io . This 
induction  is to x ico lo g ica lly  s ig n ifica n t, since cytochrom e P-450^ is known to
m ediate  the a c tiva tio n  o f th is benzim idazole to  reac tive  in te rm ed ia tes  by N -
hydroxy la tion  (K a to , 1986). Repeated IQ adm in is tra tion  to  ra ts  has been shown to  
g re a tly  increase the a b ility  o f m icrosom al fra c tion s  to a c tiva te  th is  compound in the 
Am es/Salm onella  tes t (A A yrton , personal com m unication) and may be responsible 
fo r  its  po ten t ca rc inogen ic ity .
7.3 CO RRELATIO N BETWEEN CYTO CHRO M E P-450 IN H IB IT IO N  A N D
INDUCTION
A number o f authors have fa ile d  to  co rre la te  the in h ib itio n  and induction  
o f spec ific  cytochrom e P-450 isoenzymes by variously substitu ted  im idazoles (R itte r  
and F rank lin , 1987a and b; Lavrijsen  et al*, 1986). Such a co rre la tion  between the 
potency o f in v itro  cytochrom e P-450 in h ib itio n  o f the phenobarb ita l-induced 
hepatic m icrosom al cytochrom es P-450 w ith  the ex ten t o f th e ir in v ivo induction  by 
the an tifunga l agent" c lo trim a zo le , m iconazole and ketoconazole has been achieved 
in the present study, a lb e it w ith  only th ree  compounds.
M oreover, ketoconazole has been shown to  in h ib it the PCN-induced 
e thy lm orph ine  N -dem ethylase a c tiv ity  in ra t hepatic m icrosomes (Sheets and Mason, 
1984) and the ox ida tive  m etabolism  o f cyclosporin  in man (W hiting e t a l., 1985; Van 
Tyle , 1984). A t present, there  is no evidence to  lin k  the human cytochrom e P-450 
HLp w ith  the m etabolism  o f cyclosporin; however th is  immunosuppressive agent has 
been shown to  be p re fe re n tia lly  m etabolised by ra b b it hepatic  m icrosom al 
cytochrom e P-450 L M ^  (B e rtau lt-P e res e t a l., 1987). This haem oprote in is the 
ra b b it analogue of ra t cytochrom e P-450^ (Guengerich, 1987). But the d ire c t 
co rre la tion  o f both in h ib itio n  and induction  o f cytochrom e P-450p aw aits the 
appropria te  in h ib itio n  studies, w ith  cytochrom e P-450p-associated a c tiv it ie s  such as 
e ry th rom yc in  N -dem ethy la tion  in both m icrosom al and re cons titu ted  systems.
W ith a number o f inducers, d ire c t in te ra c tio n  w ith  the m icrosom al 
cytochrom es P-450 has been im p lica ted  as the p rinc ipa l mechanism o f induction , ie, 
m icrosom al cytochrom e P-450 serves as the locus o f induction . W ell docum ented 
examples have included the cytochrom e P-450^ induction  by tria ce ty lo le a nd o m yc in  
(Guzelian e t a l., 1984; Watkins et al., 1 9 8 6 ) ,^ -ch lordane, trans-nonach lo r (Schuetz
e t a l., 1986) and the induction  o f cytochrom e P-450^ by agents such as isosafro le  
(Guengerich, 1987; Steward e t a l., 1984; Fennell e t a l., 1980; Y eow e ll e t a l., 1985) 
and 3,4 ,5,3 ',4 ,,5 '-hexabrom obiphenyl (Voorman and Aust, 1987). In some cases, fo r  
induction  to  occur, an in v ivo reversib le  cytochrom e P-450 m e tabo lite  complex has 
to be form ed, which may a lte r the tu rnover o f the haem oprote in in question. There 
is o ften  a good co rre la tio n  between the s ta b il ity  o f the complex fo rm ed in v itro  w ith  
the potency o f induction  (M urray et a l., 1985a). In the case o f the im idazoles, as ye t 
no com plex fo rm a tio n  w ith  cytochrom e P-450 has been observed. I t  may be th a t 
high a f f in ity  revers ib le  binding to  cytochrom e P-450 is s u ff ic ie n t to  tr ig g e r 
induction . This suggests th a t the same s tru c tu ra l c r ite r ia  governing the binding of 
im idazoles to cytochrom e P-450, during the in h ib itio n  o f MFO a c tiv ity ,  may also be 
im p o rta n t in the induction  o f these haem oproteins (L it t le  and Ryan, 1982; M urray, 
1987; Rogerson et al., 1977). These include:
7.3.1 Overall Molecular Geometry and the Nature of the N -^Imidazole
Ring Substituent
The nature o f the N ^-subs tituen t is im po rtan t. M o ie ties w ith  regions o f 
e lec tron  d e loca lisa b ility , eg, benzene rings, w il l a llow  fo r dispersion forces and 
hence hydrophobic binding to  the substra te-b ind ing  s ite  o f cytochrom e P-450. In 
add ition , the overa ll m o lecu lar geom etry o f the im idazo le  w il l also have a 
pronounced e ffe c t on isoenzyme s e le c tiv ity , especia lly in the lig h t o f the recen t 
findings concerning the nature o f the s tru c tu ra l d iffe rences between the substrate 
binding sites o f the cytochrom es P-450 belonging to  the tw o  m ajor gene fa m ilie s  
(Lew is e t a l., 1986). C e rta in ly , in th is  study, i t  has been shown th a t the N ^- 
substitu ted  im idazoles, c lo trim a zo le , m iconazole and ketoconazole, are g lobu lar in 
term s o f th e ir  overa ll m olecular geom etry, compared w ith  the benzim idazo le , IQ. 
The fo rm e r are essentia lly  phenobarb ita l and/or p regneno lone-16a-carbon itrile  
(PC N )-type inducers, w h ile  the la t te r  is se le c tive ly  a cytochrom e P-448 (P-450^)
inducer. In add ition , N -phenylim idazo le  has also been shown to  e xh ib it an overa ll 
g lobu lar m o lecu lar geom etry (Lew is e t a l., 1986) and has been characterised as a 
phenobarb ita l-induced cytochrom e P-450-se lective  inducer and in h ib ito r (W ilkinson 
e t a l., 1983; M urray e t a l., 1983). By com parison, im idazo le  its e lf  has been shown to 
be both a re la tiv e ly  weaker in h ib ito r and inducer o f ra t hepatic m icrosom al 
cytochrom es P-450 (R itte r  and F rank lin , 1987a) than N ^-subs titu ted  im idazoles. 
S im ila rly , the novel tr ia zo le  an tifunga l agent, itraconazo le , has also been shown to 
be a less po ten t in h ib ito r and inducer o f the ra t cytochrom e P-450 isoenzymes, due 
to the presence o f a large N ^-subs tituen t (Lavrijsen  et al., 1986, 1987), a lthough th is 
may be also a ttr ib u ta b le  to the tr ia zo le  ring  system.
7.3.2 Imidazole Ring Substitution at the 2, 4 or 5 Positions
The subs titu tion  o f im idazoles a t the 2, 4 or 5 positions o f the im idazo le  
ring  is known to  in fluence th e ir  in h ib ito ry  potency (Rogerson et a l., 1977; L i t t le  and 
Ryan, 1982) and hence may also govern the potency o f cytochrom e P-450 induction . 
A w e ll known example is the 4 ,5 -d isubstitu ted  im idazo le  r l^ -a n ta go n is t, c im e tid in e , 
which has been shown to be a weaker in h ib ito r (M ered ith  e t a l., 1985) and inducer 
(R it te r  and F rank lin , 1987a) when compared to  N ^-subs titu ted  im idazoles. The fa c t 
th a t the benzim idazoles are also known to  be less potent cy tochrom e P-450 
inh ib ito rs  than the N ^-subs titu ted  im idazoles (L it t le  and Ryan, 1982; Rogerson et 
a l., 1977) may, a t least in p a rt, expla in  why in the present studies the 
benzim idazole , IQ, was a less potent inducer o f cytochrom e P-450 than  the N ^- 
substitu ted  a n tim yco tics  employed.
To date, there is a considerable lack o f in fo rm a tion  concerning the ac tua l 
three-d im ensiona l s tru c tu re  o f the m am m alian cytochrom es P-450. The conventiona l 
m ethodology, such as X -ray  crysta llography analysis, is proving to  be d i f f ic u l t  due to  
the nature o f these membrane-bound haemoproteins (Lew is e t a l.,
1986). There fo re , cu rre n tly , only in d ire c t m ethodology can be applied to cytochrom e 
P-450 ac tive  s ite  studies. Q u a n tita tive  s tru c tu re -a c tiv ity  re la tionsh ip  (QSAR) 
studies may prove useful in p red ic ting  the s tru c tu ra l c r ite r ia  fo r cytochrom e P-450 
binding. Such an approach has been taken w ith  a series o f cytochrom e P -450- 
dependent an iline  p-hydroxylase inh ib ito rs  (Lew is, 1987). This type o f study is 
rendered re levan t when one considers the recent find ings th a t the human hepatic  
m icrosom al cytochrom es P-450, once p u rifie d  and characterised (Wang et a l., 1983), 
g rea tly  resemble those form s which have been p u rifie d  and characterised in the ra t 
and ra b b it models (Q ua ttroch i e t a l., 1985; Sesardic et a l., 1986; Adams e t a l., 1985; 
Barnes e t al., 1987), eg, human cytochrom e P-450 HLp (W atkins e t a l., 1985; 
Guzelian _et a l., 1987; W atkins jBt a l., 1987; W righton a t a l., 1986, 1987), H L^ 
(W righton e t al., 1986) and H L j (W righton e t a l., 1987a), which are analogous to ra t 
hepatic m icrosom al cytochrom es P-450p (Elshourbagy and Guzelian, 1980), P -450^ 
(Ryan e t a l,, 1982) and P-450^. (Ryan e t al., 1985), respective ly . F u rthe rm ore , these 
isoenzymes have been shown to d if fe re n t ia lly  m ediate the phase I (ox ida tive ) 
a c tiva tio n  and de tox ica tion  o f a la rge number o f xenob io tics (Ioannides e t a l., 1984; 
Ioannides and Parke, 1987).
The co rre la tio n  o f com puter g raphic-a ided s tru c tu re  studies w ith  
b io log ica l data, from  both cytochrom e P-450 in h ib ition  and induction  studies w ith  
m icrosom al or p u rified  preparations, may prove useful as a basis fo r  QSAR studies, 
these in h ib ition  and induction  studies invo lv ing  p rim a rily  cytochrom e P-450- 
isoenzyme spec ific  substrates and antibodies.
The find ing  th a t the food mutagen IQ induces its  own m etabolism  is o f 
considerable tox ico log ica l im portance, since i t  is known to require cytochrom e P- 
450^-ciependent m etabo lic  a c tiva tio n  to  fo rm  m utagenic products (K a to , 1986). 
QSAR studies may prove useful as a means o f a tta in ing  a g rea te r understanding o f
the s tru c tu ra l requirem ents fo r induction  o f cytochrom es P-448, and the associated 
m u tag e n ic ity  and ca rc in og e n ic ity .
The fa c t tha t c lo tr im a zo le , m iconazole and ketoconazole induce those 
cytochrom es P-450 towards w hich they e xh ib it the greatest s e le c tiv ity  o f in h ib itio n  
is of c lin ic a l s ign ificance . U lt im a te ly , a h igh ly se lective  fungal cytochrom e P-450 
in h ib ito r is sought, which does not in te ra c t w ith  m am m alian hepatic or ex trahepa tic  
(stero idogenic) cytochrom es P-450. The cu rre n tly  employed system ic an tifunga l 
agents are the im idazo le , ketoconazole and the tr ia zo le , itraconazo le , (Vanden 
Bossche et a l., 1984, 1985, 1986; M aricha l et a l., 1985; Vanden Bossche, 1987). O f 
the tw o, the la t te r  is both a weaker in h ib ito r (Lavrijsen  e t a l., 1987) and inducer 
(Lavrijsen  et a l., 1986) o f the m am m alian (ra t) hepatic m icrosom al cytochrom es P- 
450. In add ition , itraconazo le  is a weaker in h ib ito r o f te s tic u la r m icrosom al 
testosterone biosynthesis in ra ts  (Vanden Bossche et a l., 1985), an e ffe c t which has 
been observed a fte r oral tre a tm e n t w ith  ketoconazole in man (Schurm eyer and 
N ieschlag, 1982). However, recent findings in man have shown tha t itraconazo le , 
like  ketoconazole (W hiting et a l., 1985; Van Tyle , 1984), also inh ib its  the m e tabo lic  
clearance o f cyclosporin  (Trenk et al., 1987). This necessitates m ore de ta iled  QSAR 
studies w ith  m icrosom al and p u rified  cytochrom es P-450, bearing in m ind th a t 
in h ib itio n  o f cyclosporin  ox idative  m etabolism  causes n ep h ro to x ic ity  (Augustine and 
Zem aitis , 1986). This is iron ic  when one considers th a t cyc losporin  is cu rre n tly  
employed as an immunosuppressant during kidney transp lan ta tion .
A lthough no recep to r has been found fo r the induction  o f the cytochrom es 
P-450 II-IV  gene fam ilie s  comparable w ith  the Ah recep to r fo r  cytochrom es P-450 I, 
a s im ila r but more com plex mechanism may apply. I t  has been shown th a t drugs 
tend to  induce the type o f cytochrom e P-450 II-IV  which m etabolises tha t drug, ie, 
the type o f isoenzyme which is inh ib ited  by the drug. I t  has been shown (Lew is e t a l.,
1986) th a t the spatia l con fo rm a tion  o f the ac tive  s ite  o f cytochrom e P-450 I CP- 
450 ) is very s im ila r to  tha t o f the recep to r fo r  induction  (the Ah recep to r). Hence, 
in the more h ighly developed cytochrom es P-450 II-IV  the induction  recep to r may 
e ith e r be id e n tica l or more closely associated w ith  the ac tive  s ite  o f the enzyme, so 
th a t binding o f the substrate to  the ac tive  s ite  o f the enzyme can e ffe c t regu la tion  
o f tra n sc rip tio n  o f a genome concerned in the biosynthesis o f the spec ific  
cytochrom e P-450 invo lved.
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